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ABSTRACT 
An important goal of aerospace and military engineering is to increase the energy 
density of electrical energy storage devices, such as capacitors, used to deliver power 
onboard mobile platforms.  Equally important is the goal of reducing the overall mass of 
the vehicles used to transport such devices so that increased fuel and cost efficiency can 
be achieved.  One approach to meeting both these objectives is to develop multifunctional 
systems that serve as both energy storage and load bearing structural devices. 
Multifunctional devices consist of constituents that individually perform a subset 
of the overall desired functions.  However, as an ensemble the synergy achieved by the 
combination of each constituent’s characteristics allows for system-level benefits that 
cannot be achieved through the optimization of the separate subsystems.  Thus in 
addressing the previously mentioned goals, overall design efficiency increases by 
producing multifunctional components using materials that deliver improvements of both 
dielectric and thermo-mechanical properties, over existing materials of separate 
components [1-3]. 
We investigated multifunctional systems consisting of a light weight polymer 
matrix and high dielectric constant fillers to achieve these objectives. The monomer form 
of bisphenol E cyanate ester exhibited excellent processing ability because of its low 
room temperature viscosity.  Additionally, the fully cured thermoset demonstrated 
excellent thermal stability and specific strength and stiffness [4]. Fillers, including multi-
walled carbon nanotubes, nanometer scale, cubic phase barium titanate and nanometer 
scale calcium copper titanate [5], offer high dielectric constants that contributed to 
elevating the effective dielectric constant (′) of our polymer matrix composite (PMC).  
viii 
 
 
 
The combination of high ′ and high dielectric strength produce high energy density 
components [6] that result in increased electrical energy storage.  Mechanical (load 
bearing) improvements of the PMCs were attributed to the nanometer and micrometer 
sized filler particles, as well as the addition of continuous glass fiber, integrated into the 
resin systems which increased the structural characteristics of the cured composites [7]. 
Interpretation of the results from breakdown voltage tests and dynamic 
mechanical analysis were employed to demonstrate that precise combinations of these 
constituents, under the proper processing conditions, can satisfy the needs presented by 
the aerospace industry and military forces.  The efforts of these investigations were 
funded by the National Aeronautics and Space Administration, under the 
“Multifunctional Polymer Matrix Composites” project (Cooperative Agreement No. 
NNX09AP70A), and conducted in collaboration with the United States Army Research 
Laboratory. 
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CHAPTER 1.   INTRODUCTION 
Background and Motivation 
Over the last half century materials scientists and engineers have expressed a 
steady rise in the interest of developing lightweight multifunctional composite devices 
from novel emerging materials [8-15].  Of particular interest to this investigation is the 
evolution of aerospace and military applications which demand increased efficiency in 
energy storage and mass reduction.  With this in mind, the objective of this study was to 
discover materials which can serve to minimize the mass and volume of polymer matrix 
composite (PMC) structural capacitors, while increasing the electrical energy storage and 
mechanical load bearing ability of the PMCs. 
Traditionally, energy storage devices and the accompanying load bearing support 
structures have been designed as separate modules, adding to the payload aboard mobile 
platforms:  aircraft, satellites, armored land vehicles and naval ships.  Multifunctional 
design veers away from this traditional approach in light of the “weight penalty” inherent 
to load bearing structures whose sole purpose is to support a functional device [16].  This 
is significantly important in the case of vehicles where multifunctional PMC components 
can replace traditional, heavier metal and ceramic constituents.  For example, the use of 
PMCs has been reported to potentially offset the operational fuel and maintenance costs 
associated with aircraft by ca. 50% and 20%, respectively [17].  Innovations like those 
revealed by Boeing’s 787 Dreamliner, assembled using approximately 50 wt% composite 
materials, have come about as a response to the need for lighter and more efficient craft 
and paved the way for future advancements.  Therefore, developing processing 
techniques and investigating the use of lightweight materials like bisphenol E cyanate 
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ester (BECy) and nanometer sized fillers offer the potential to improve design efficiency 
and provide significant cost savings to the ever increasing aerospace industry and 
expanding fleet of heavy vehicles employed by military personnel. 
Multifunctionality 
Many devices encountered on a day to day basis are multifunctional. Consider the 
myriad of tasks that can be accomplished by today’s mobile telephone.  It is a calendar, 
calculator, camera, internet portal and even a telephone.  This everyday technology is a 
good model for understanding the value of multifunctional devices. 
At a fundamental level, multifunctionality refers to the discovery and 
development of new materials and devices which have the ability to serve more than one 
function within a system and thereby increasing the overall efficiency.  Typically sought- 
after functions include mechanical, thermal, electromagnetic, chemical and specific 
strength and stiffness characteristics [18].  The specific demands of mission outcomes 
determine which of these characteristics are most imperative.  Because few, if any, 
homogenous materials can satisfy multifunctional requirements, tailoring multifunctional 
devices with multiple constituents to meet sought-after needs makes investigating these 
devices important.  The ability to achieve multiple objectives simultaneously increases 
system level benefits not otherwise attainable even when individual components are 
performing at their peak.   
U.S. Army Research Laboratory (ARL) researchers have developed a metric by 
which mass-saving efficiency of an electrical energy storage multifunctional device can 
be measured [2].  The PMC’s efficiency is measured as the ability to perform each 
specific function, i.e. electrical or structural, normalized by the mass of the composite.  
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The model recognizes that the electrical efficiency (e < 1) and mechanical efficiency (s 
< 1) of a multifunctional device may fall below the performance of the corresponding 
monofunctional device efficiency ( = 1).  However, as long as Eq. (1-1) is satisfied, the 
fundamental design requirements are met, for “mass-savings multifunctional design”. 
mf = s + e > 1    (1- 1) 
Where mf represents the multifunctional efficiently, s is the structural efficiency and e 
is the energy efficiency.  The model represents a benchmark by which structural 
capacitors are measured for viability of replacing independent energy storage and 
supporting structure modules. 
 Other agencies investigating the development of multifunctional devices include 
the U.S. Air Force Research Laboratory [19], the U.S. Naval Research Laboratory [20] 
and Lockheed Martin Astronautics [21]. 
Multifunctional structural capacitors 
Desired mechanical properties of structural components include stiffness, ductility 
and strength.  Similarly, important dielectric properties of energy storage devices include 
high dielectric constant and high breakdown strength.  The design and fabrication of 
multifunctional structural capacitors demands these device characteristics be investigated 
prior to and during processing. 
Among the number of different types of capacitor technologies presently 
available, polymeric film capacitors met the needs of this investigation best.  Polymeric 
film capacitors are readily scalable devices ranging in energy from nanojoules to 
hundreds of kilojoules.  These systems exhibit modest energy density (0.1 - 1.5 J/g), offer 
truly bipolar operation and display stable capacitance regardless of applied the voltage or 
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frequency.  Film capacitors also have very low dissipation factors (<<1%) and readily 
lend themselves to high voltage ac and dc applications including:  pulse-duty circuits, 
high frequency filtering, continuous ac operations, solid state switch snubbers 
(suppressors) and large horsepower motor start and run capacitors [22]. 
 Graceful aging, or soft failure mode, refers to the controlled loss of capacitance 
over the lifespan of a film capacitor.  Self-clearing processes serve to extend the life of 
film capacitors by “short circuiting” regions of thin film that have been damaged and can 
no longer store charge.  Staving off catastrophic failure by circumventing damaged 
polymer regions, allows the capacitor to continue service until sufficient defect sites 
develop that electrical current flows.  In the case of capacitive devices, non-catastrophic 
failure is defined as a reduction of initial capacitance by 5% [22].  Another source of 
catastrophic failure is gas voids, produced during film processing, whose dielectric 
constant and breakdown voltage are lower than the surrounding dielectric medium.  
O’Brien et al. hypothesize that the presence of voids are the major source of dielectric 
degradation and propose that void content might be reduced by employing high pressure 
processing, modified cure cycles and elimination of trapped volatiles [2]. 
 Interleaved capacitors have been investigated over the last fifteen years to 
increase mechanical and electrode properties of ceramic and polymer composites [23, 
24].  Sanz et al. demonstrated that device size reduction, without detriment to the 
composite’s energy storage properties, was achieved when interleaved electrodes were 
incorporated into a ceramic composite.  They also reported improvement in 
electromagnetic coupling coefficient, “good” inductive behavior and higher breakdown 
voltages than with systems absent of interleaved electrodes.  A layered, parallel plate 
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capacitor concept has been proposed by Wetzel et al. whereby dielectric medium is 
sandwiched by interleaved conductive metal coated Kapton® (DuPont™) electrodes 
[25], similar to the systems developed by Ehlert et al. using PVDF and carbon fiber films 
[24].   Dimensions of the dielectric medium were designed based on the limit of the 
system’s operating voltage.  Typically, a maximum voltage is desired that does not 
exceed the rated dielectric strength of the film; i.e. the breakdown voltage. 
Scientists have fabricated structural capacitors utilizing glass fiber- and polymer 
fiber-reinforced thermoset and thermoplastic polymer matrices laminated between thin, 
electrically conductive electrode layers.  The various constituents were selected for their 
ability to tailor dielectric and mechanical properties that provide maximum energy 
density and structural integrity to the processed PMC.  The ARL investigation showed 
that dielectric strength (DS) increased as the PMC thickness decreased.  Thus, indicating 
that the thinner the films are produced the higher the induced electric field which could 
be applied to the dielectric layer; resulting in greater energy density, Eq. (1-2). 
U = ½ o′ E
2
     (1- 2) 
Where U is the energy density (J/cm
3
), o is the permittivity of free space (8.85 x 10
-12
 
F/m), ′ is the effective dielectric constant (unitless) and E (kV/mm) is the dielectric 
strength of the composite, Eq. (1-3), calculated from the measurements of the maximum 
applied voltage that could be applied to the PMC before short circuiting and the dielectric 
thickness. 
DS ≡ E = 
                       
                    
   (1- 3) 
The ARL study showed that the best DS results were achieved by printed circuit 
board pre-impregnated (prepreg) PMCs with thickness on the order of 40 m, which 
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were much thinner than conventional structural prepregs (~ 200 m).  The same prepreg 
expressed good storage modulus.  The combination of good E’ and attractive DS 
designated the prepreg system an excellent candidate for multifunctional structural 
capacitors. 
Research Objective 
Aerospace and military structures built with integrated composite materials have 
some of the most demanding physical, chemical, electrical, thermal, and mechanical 
property requirements [26].  As such, selection of constituents that offer good 
performance under broadly varying and adverse conditions is critical to producing 
successful components.  The materials selected for this investigation demonstrated 
mechanical and dielectric characteristics suitable for the production of PMCs capable of 
delivering maximum load bearing ability and high electrical energy storage capacity.  In 
the following chapters we report on the success of processing structural capacitors with 
the aid of the selected composite constituents. 
Composite Constituents 
The matrix of the composites was BECy, Figure 1-1.  The monomer form of 
BECy resin offers appealing processing properties, including low room temperature 
viscosity (0.09 - 0.12 Pa·s) and low formation of volatile organic compounds (VOCs).  
The fully cured matrix exhibits a high onset glass transition temperature (Tg) ( > 270 °C), 
storage modulus (E’) ca. 2.5 GPa at room temperature and dielectric constant and 
dissipative factor values of ′ ~ 2.98 and tan ~ 0.004, respectively.  This collection of 
characteristics makes BECy a strong candidate for high temperature, low dielectric loss 
multifunctional aerospace and military application. 
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Figure 1-1.  a) BECy monomer and b) cross-linked BECy thermoset 
A number of nanometer scale fillers were embedded within the matrix.  Multi-
walled carbon nanotubes (MWCNTs) exhibit both mechanical and dielectric attributes 
that improve the characteristics of the composite.  MWCNTs have a Young’s modulus of 
about 100 GPa and contain surface functional groups (-OH, -COOH) that improve the 
covalent bonding interaction between filler and matrix, resulting in significant load 
transfer from the soft matrix to the stiffer MWCNTs [27, 28].  Literature also cites values 
of ′ for composites containing MWCNT embedded within cyanate esters on the order of 
10
2
, with associated tan of approx. 10-2, over the range of 1 Hz to 1 GHz  [29]. 
Barium titanate (BaTiO3) and calcium copper titanate (CCTO) both have 
perovskite-like crystal structures, Figure 1-2.  Perovskite
1
 structures have played an 
important role in dielectric ceramics because of the high ′ that arises, as a result of the 
combination of cations and anions involved and their crystallographic structures.  The ′ 
of commercially available cubic BaTiO3, above the Curie temperature (T > 120 °C) is 
                                                 
1
 Perovskites are ternary compounds with the generic formula ABO3, where A and B are of different radii.  
The larger A cations, along with the oxygen (O) atoms, join to form an FCC lattice, while the interstitial 
sites of the FCC lattice are filled with the smaller B cations.  The coordination number of A and B are 12 
and 6, respectively, and while these may be substituted, as in the case of this investigation: A can be Ba
2+
, 
Ca
2+
, Cu
2+
 and B is Ti
4+
, charge balance as well as coordination number must be maintained [30] Hench 
LL, West LK. Principles of Electronic Ceramics. 1990:244-247. 
a) b) 
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approximately 150 [31], while the tetragonal phase, 5 °C < T < 120 °C, is 1700 [32].  
CCTO cubic phase powder has been cited to have ′ from 10,000 [33] for polycrystalline 
powder, to 100,000 for single crystal [34].  Synthesis of nanometer scale CCTO was 
performed using a wet chemistry method that was capable of producing the nanometer 
scale powders [35].  Solid-state reactions, to date, are typically limited to producing 
micron scale powders. 
 
Figure 1-2.  Perovskite-like CCTO and BaTiO3 unit cell structures [36]. 
As early as 1961, exfoliated and intercalated montmorillonite clay (MMT) has 
been cited to improve a number of themo-mechanical characteristics in polymer 
composite systems [37].  Tensile strength and modulus, as well as flexural strength and 
modulus, were shown to improve a MMT-nylon composite in the range from 40% to 
126% over neat nylon [38].  Solvent resistance was also observed to increase, as well as 
improved thermal stability increasing Tg from 65 °C to 152 °C.  Exfoliated MMT offers 
two additional properties.  MMT Increases the monomer viscosity, which improves the 
suspension of high density fillers in the low viscosity monomer.  MMT also increases the 
inter-molecular spacing between filler particles, preventing electrical percolation that 
reduces the composite’s dissipation factor, tan . 
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Glass fiber (GF) is used in printed circuit boards for its electrically insulating 
properties.  This is a particularly attractive characteristic because the nature of structural 
capacitors demands that charge be contained within the dielectric volume of the PMC.  
Another attractive feature of GF is the mechanical improvement of the composite by 
increasing tensile and flexural strength, which can be attributed to the GF-matrix covalent 
bonding that occurs at the constituents’ interface.  Cyanate ester-GF composites have 
been reported to exhibit increased toughness attributed in part to the composites’ inter-
laminar fracture toughness ca. 557J/m
2 
[39].  The same investigation also indicated that 
GF in the cyanate ester PMC had little to no impact on the Tg of the fully cured neat resin.  
Figure 1-3 shows a cured woven glass fiber PMC wetted with BECy resin. 
 
Figure 1-3.  Fiberglass PMC wetted and cured with BECy. 
Exploring the dielectric and thermo-mechanical behavior of PMCs 
Composites prepared with different combinations of cyanate ester resin and 
various loading levels of the nanometer scale fillers mentioned above were investigated.  
Test results showed the attributes contributed to the PMCs’ characteristics by each 
permutation.  Four tasks were undertaken to analyze the dielectric and thermo-
mechanical properties of the PMCs prepared.  The details of each task are discussed at 
length in chapters three through six. 
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Task 1 investigated the potential to improve the dielectric strength of the PMC as 
a consequence of modifying the matrix resin with nanometer scale particles such that the 
effective dielectric constant of the resulting resin matched that of the reinforcing E-glass 
filler.  Nanometer sized fillers have been shown to increase the dielectric breakdown 
strength of PMCs [40].  Task 2 employed modified BECy resin, akin to that used in task 
1, as the matrix constituent of a continuous GF PMC.  There is extensive literature citing 
numerous composites prepared over the past fifty years using GF to improve the 
mechanical properties of PMCs [41-45]. Using continuous glass fiber reinforcement and 
BECy resin, whose ′ had been modified with nanometer sized BaTiO3 powder, both 
dielectric and thermo-mechanical characteristics of the PMCs’ were investigated and 
compared to the neat resin matrix.  Task 3 examined the dielectric and thermo-
mechanical characteristics of a PMC embedded with high dielectric constant MWCNTs 
and BaTiO3.  The semi-conductive nature of MWCNTs were exploited to raise the 
electrical energy storage ability of the PMC, while their excellent mechanical properties 
were utilized to increase the overall storage modulus.  BaTiO3 was also selected for its 
high ′ [46].  Furthermore, the non-conducting nature of BaTiO3 proved useful in the 
suppression of percolation effects that led to premature dielectric breakdown of PMCs 
prepared with MWCNTs in BECy.  Task 4 explored the use of CCTO to probe the 
possibility of producing structural capacitors capable of delivering high energy density 
and high specific mechanical properties.  Recently CCTO has been much investigated for 
its “colossal” ′ value [47].  Using CCTO nanopowder as the filler of a BECy PMC, the 
increase in E’ and ′ were investigated to determine if this combination of constituents 
could provide a platform for multifunctional PMCs. 
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Task 1.  Matrix modification 
The study of resin modification using filler materials has been a topic of interest 
for several decades.  Nanoparticle modification is the new direction of research.  
However, at the time of this publication, no investigations had been carried out to look at 
the effects of nanofiller modification on the dielectric and thermo-mechanical properties 
of BECy. 
By modifying the dielectric constant of the BECy resin, via nanometer sized 
particle homogenization, we could answer the question whether the micrometer sized E-
glass responded to the average ′ of the modified resin collectively; as if there were no 
dielectric constant mismatch at the resin-glass interface.  Cule and Torquato [48] reported 
that when an electric field is applied to a system where ′ mismatch is present, the PMC 
responds with a field concentration buildup.  Figure 1-4 demonstrates that where there is 
a ′ mismatch, the electric field curves around the inclusion resulting in field 
concentrations in the vicinity of the interface normal to the direction of the applied 
external field.  
 The convergence of these field lines results in pockets of concentrated electric 
potentials triggering the electron acceleration, to which we attribute the low DS 
measurements observed in polymer-glass PMCs containing micrometer sized fillers.  
Conversely, matching matrix and filler ′ would be expressed by electric field lines 
running parallel to and through the glass filler.  Therefore, were the electric field lines to 
remain unchanged and parallel, any electrons in the vicinity of the filler would not be 
unduly accelerated and therefore the PMC would not exhibit precipitated failure. 
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Figure 1-4.  Electric field concentration increases along x-direction (normal to applied voltage) in 
vicinity of inclusion with radius 0.5 A.U. [48].   
Ma [40] reported that addition of nanometer sized particles do not exhibit the 
premature breakdown effect described by Cule and Torquato, but conversely increased 
the DS of nanofiller composite systems.   Independently, Kiley [49] reported on the 
accuracy of various classic and contemporary models used to determine the dielectric 
constant values of dielectric matrices with nanometer scale metal inclusions.  Based on 
this information the Bruggeman’s symmetric mixture formula, Eq. (1-4), was selected to 
calculate the volume loading of nanometer scale BaTiO3 powder necessary to mix with 
the neat BECy resin so that the resulting slurry would exhibit an effective dielectric 
constant matching that of the E-glass filler, ′ = 5.8. 
      (
      
       
)    (
      
       
)      (1- 4) 
Where   is volume fraction,   is dielectric constant, and subscripts 1 and 2 represent the 
PMC’s matrix and nanopowder filler, respectively. 
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The nanometer sized BaTiO3 was selected, in lieu of known agglomeration factors 
cited in the literature [50], to take advantage of its high dielectric constant value and the 
large surface area that nanometer sized particles offer at the resin-particle interface. Task 
1 allowed us to establish whether the energy density, Eq. (1-2), of the PMC could be 
increased through the increase in both dielectric constant and dielectric strength values. 
U = ½ o′ E
2
     (1- 2)  
Details of the study are discussed in detail in chapter three. 
Task 2. PMC pre-pregs 
In-house preparation of prepregs was necessary so that dielectric and thermo-
mechanical characteristics could be tailored to specific properties desired.  O’Brien et al. 
[1] conducted experiments whereby commercially available prepregs were used, as 
received, in the preparation of structural capacitors.  One of the prepregs under 
investigation was glass-FR4, manufactured by wetting woven glass fabric with a 
brominated epoxy resulting in a film on the order of 40 m.  The results of the study 
indicated that glass-FR4, typically used in the production of circuit boards, was well 
suited to meet dielectric and mechanical needs of structural capacitors. 
Dielectric properties of prepregs result from a combination of the characteristics 
of the glass and matrix.  The dielectric constant value of a prepreg can be determined 
using models involving a form of the rule of mixtures [36].  Epoxy resins and other 
typical matrix materials have ′ values in the range of 3-4 [51].  This study explored the 
possibility of increasing the prepreg’s dielectric constant value by producing resin slurry 
prepared with BECy and BaTiO3 nanopowder.  The slurry was used to wet the woven GF 
film to produce the prepregs.  A combination of vacuum assisted resin transfer molding 
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(VARTM) and wet layup were employed to wet the plain weave continuous E-glass fiber 
films of ~100 m thickness.  These were partially cured to produce prepregs, which were 
subsequently stacked as plies of a bulk PMC and cured into a single multilayer 
composite. 
Chapter four details the processing and levels of BaTiO3 nanopowder used to 
modify the neat BECy resin in preparation of the prepregs.  Dielectric and thermo-
mechanical results will also be discussed in detail.   
Task 3.  MWCNT/BaTiO3/BECy multifunctional composites 
Task 3 investigated how well a PMC, incorporating MWCNTs, BaTiO3 and 
BECy met the goals of producing a multifunctional device capable of providing electrical 
energy storage combined with structural support.  Traditionally, experiments to determine 
the dielectric and mechanical properties of MWCNT composites have been carried out 
using epoxy and thermoplastic matrices [52-55], but no evidence of 
MWCNT/BaTiO3/BECy composites was found.  Experiments by Clayton et al. [53] 
indicated that loadings as low as 0.26 wt% of single-walled carbon nanotubes increased 
the ′ value of poly(methyl methacrylate) PMCs from 4.99 to 7.29 when polymerized 
under UV radiation, increasing ′ 150% at a very low filler concentration.  An 
investigation carried out with MWCNTs and BaTiO3 in polyvinylidene fluoride (PVDF) 
matrix, demonstrated that below the percolation threshold volume fraction of MWCNTs, 
the PMC experienced a jump in ′ by a factor of 20 compared to the PMC containing 
only BaTiO3 and PVDF [52].  Epoxy PMCs with 50 vol% BaTiO3 showed a doubling of 
′ value when filler loading was modified to 48.3 vol% BaTiO3 and 3.4 vol% MWCNT 
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[54].  MWCNTs loadings at 5.5 vol% demonstrate agglomeration of the nanotubes 
resulting in high tan  values. 
Chapter five discusses in detail the processing and evaluation of 
MWCTN/BaTiO3/BECy PMCs developed for this investigation.  Results of the study 
illustrate the changes in dielectric and thermo-mechanical behavior of the PMC at various 
BaTiO3 loadings. 
Task 4.  CCTO nanocomposites 
The high dielectric constant of CCTO (′ ~ 104–105) along with a low dissipation 
factor (tan < 0.05) make the perovskite-like ceramic very attractive for capacitive, 
microelectronics, microwave and other miniaturized electronic devices [56].  The broadly 
accepted explanation for the “colossal” dielectric constant phenomena is the presence of 
an internal grain boundary layer [57-60] believed to act as an obstacle, impeding electric 
current flow through the conductive bulk grains in polycrystalline powders. 
Many experiments reported in the literature use epoxy or thermoplastic matrices in 
preparation of CCTO PMCs .  Tuncer et al. report the use of a two component bisphenol-
A based epoxy resin that required dilution with methanol to lower the viscosity prior to 
processing [5].  Following the manufacturer’s “quick” cure schedule, the PMC was ready 
for testing within a day and a half.  In another experiment Epoxy DER 325 (Dow 
Chemical) was selected as the PMC matrix for its good dielectric properties (′ = 4.5, tan 
 =0.0082) [61].  However, here too, the epoxy required dilution with tetrahydrofuran 
prior to processing, and composites were fully polymerized after 2 h.  CCTO/PVDF thick 
films required the aid of dimethyl sulfoxide to dissolve the PVDF matrix material prior to 
processing [62].  Film preparation required 17 h.  Conversely, BECy offers a low room 
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temperature viscosity, ca. 0.10 Pa·s [4], and is fully cured within 6 h.  In all of the above 
investigations, the relative dielectric constant of the PMCs prepared was observed to rise 
with increased CCTO loading. 
Use of BECy to prepare CCTO PMCs has not yet been explored and given the 
positive results reported above, it seemed fitting that a CCTO/BECy composite has the 
potential to deliver multifunctional PMCs with good dielectric and thermo-mechanical 
properties. 
In order to assure nanometer scale CCTO particles, this study employed a wet 
chemistry synthesis method established by Liu [35].  CCTO nanometer scale powder was 
not readily available through commercial venues and solid-state synthesis does not 
produce the powder at the nanoscale. 
 Chapter six provides the details of the investigation from CCTO nanopowder 
synthesis through PMC testing. 
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CHAPTER 2.   EARLY FINDINGS 
MWCNT and BaTiO3 PMCs prepared with MMT modified BECy resin 
Polymer matrix composites were prepared with BECy resin to which nanometer 
and micrometer scale fillers were introduced by mechanical homogenization.  Appendix 
A provides detailed processing techniques of the various composites.  MMT was used as 
a rheological modifier to suspend the higher density MWCNT and BaTiO3 in the room 
temperature resin during the initial slurry preparation.  It was determined that the 
minimum loading of MMT that could be homogenize into the neat monomer resin, which 
would increase the slurry viscosity and allow for additional filler processing, was ca. 
1wt% MMT.  Optical microscopy of the cured samples, containing 1 wt% MMT/BECy, 
exhibited good dispersion of the MMT throughout the matrix, i.e. no agglomerations.  
DMA measurements demonstrated an increase in the Tg of the fully cured MMT/BECy 
PMC from 270 °C to 295 °C.  The effects of the low wt% content of the MMT on the 
PMC’s E’ was negligible.  Similarly, little to no change was evident in the dielectric 
values of the MMT/BECy PMC compared to the neat BECy. 
Next, the effects of embedding MWCNT and BaTiO3 nanoparticles within the 1 
wt% MMT/BECy modified resin PMC were explored.  The high surface area of the 
MWCNT particles presented a challenge in homogenizing large quantities of nanotubes.  
Therefore, by incrementally raising the wt% of MWCNTs added to the modified BECy, 
it was determined that a maximum loading of 2.6 wt% WMCNT could successfully be 
homogenized.  Nevertheless, even at this low level of loading the MWCNTs already 
exhibited conductive behavior (′ < 0) rendering the PMCs unusable for low frequency 
applications.  Similarly, addition of BaTiO3 nanopowder to the modified resin introduced 
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processing limits.  Amounts added in excess of 40 wt% resulted in prohibitively brittle 
samples that fractured under DMA testing.  Despite these setbacks, both fillers exhibited 
some improvement of ′ over the range of frequencies studied, 1 Hz to 1 MHz. 
Figure 2-1 and Table 2-1 illustrate the drop in glass transition temperature of 
BECy samples cured with 1 wt% MMT, 2.6 wt% MWCNT and various BaTiO3 loadings.  
The lowest Tg of the composites, at 40 wt% loading of BaTiO3, was 208 °C.  This 
temperature is above the minimum temperature threshold for aerospace applications of 
200 °C [63].  The DMA curves also indicate an increase of E’ by a factor of nearly three 
times that of the neat resin value of 2.45 GPa to 7.06 GPa when loaded to 40 wt% 
BaTiO3, at room temperature. 
 
Figure 2-1.  DMA indicates a decrease in Tg  with BaTiO3 loading, when the composite system of 
BECy, MMT, MWCNT and BaTiO3 is cured together. 
Table 2-1.  Storage modulus and onset glass transition temperatures of PMCs prepared with 1 wt% 
MMT, 2.6 wt% MWCNT and various loadings of BaTiO3. 
BaTiO3 wt% loading RT E’ (MPa) Onset Tg (°C) 
0 2457 277 
25 3244 266 
30 4835 225 
40 7055 208 
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The dielectric behavior of a composite prepared using 2.6 wt% MWCNT, 40 wt% 
BaTiO3 in modified BECy is shown in Figure 2-2.  The ′ of neat BECy was measured at 
2.98, with little if any frequency dependence.  The tan  curve of the cured neat resin also 
showed frequency independence in the range 1 Hz to 5x10
3
 Hz; where a tan  ~ 0.03 was 
observed.  Above 5x10
3
 Hz the dipoles could not keep shifting orientation direction 
because the applied field frequency exceeded the relaxation frequency of the PMC, 
explaining the increase in loss.  The composite demonstrated a marked improvement in ′ 
over the neat resin, to a maximum ′ ca. 33, improving by one order of magnitude at 1 
Hz, then down to ~24 (8x) at 1 MHz.  The composite’s tan  values ranged from 0.03 to 
0.1.  These results establishing the possibility of combining MWCNT and BaTiO3 to 
improve the ′ of the composite. 
 
Figure 2-2.  ′ and tan  of neat BECy is shown in light colors, while the composite values are shown 
in dark colors.  The composite indicates an improvement in ′ 8x to 10x that of the neat resin. 
GF PMCs prepared with BaTiO3 modified BECy resin 
4-ply PMCs using BaTiO3 modified slurry with continuous, plain weave fiberglass 
were prepared.  Figure 2-3 displays the changes in thermo-mechanical behavior as a 
20 
 
 
 
function of wt% loading of BaTiO3.  Room temperature E’ increased as the BaTiO3 
loading increased from 25 wt% to 40 wt%; however, only small changes were observed.  
The onset Tg did not show a consistent trend with changes in filler loading.  The 30 and 
40 wt% loaded samples exhibited Tg values of 223 °C and 214 °C, respectively, while the 
25 wt% BaTiO3 sample unexpectedly exhibited the lowest Tg. 
 
Figure 2-3.  DMA curves of various wt% BaTiO3 4-ply BECy/BaTiO3 slurry in GF composites.  
Room temperature E’ increases as a function of increased BaTiO3 loading. 
The dielectric behavior of the GF/BaTiO3/BECy composites indicated modest 
improvement of the ′ and minimal effect on tan Figure 2-4.  With the knowledge that 
the ′ of the GF is approximately 6, it can be concluded that only the sample loaded at 40 
wt% indicates an increase in ′ that can be attributed to the presence of BaTiO3, i.e. in 
excess of 6.  Therefore, the dielectric changes observed for samples containing loading of 
BaTiO3  less than 40 wt% do not demonstrate increased ′ that could not be attributed to 
fillers other than E-glass alone. 
Tg 
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Measurements made with DMA indicated a rise in E’ with increased number of 
GF plies (8 and 12 plies); however, this was accompanied by decreased values in Tg that 
made the composite soften at prohibitively low temperatures. 
 
Figure 2-4.  Dielectric constant and dissipative loss curves for 25, 30, 40 wt% BaTiO3 loading in 
BECy/GF 4-ply system composite over a range of frequencies at room temperature. 
Nanometer scale CCTO synthesis 
As nanometer scale CCTO powder was not readily available for purchase, 
synthesis techniques were explored to produce CCTO nanopowder in the lab.  Two 
methods were attempted.  The first approach was developed with the aid of the research 
scientists at the U.S. Army Research Lab [64], however no evidence was found that the 
materials produced were pure phase CCTO nanopowder.  The second approach used a 
wet chemistry method developed at the University of Nebraska at Omaha [35].  XRD 
data collected from the synthesized material match literature spectra for pure, single 
phase, nanometer scale CCTO.  SEM images indicated that the powder synthesized had a 
diameter on the order of 800 nm.  However, additional processing of the powder using a 
nitrogen gas jet-mill proved successful in delivering CCTO nanopowder.  
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CHAPTER 3.   MATCHING MATRIX AND FILLER DIELECTRIC CONSTANTS 
TO INCREASE DIELECTRIC BREAKDOWN STRENGTH 
A paper submitted to 19
th
 International Conference on Composite Materials 
J.E. De León, D.J. O’Brien, M.R. Kessler 
Abstract  
We investigate lightweight polymer matrix composite [PMC] capacitive devices 
capable of replacing bulky high energy pulsed power capacitors on mobile platforms.  
The glass fiber/polymer structural dielectric used in these capacitors often suffers from 
limited energy density because of premature dielectric breakdown, possibly precipitated 
by the mismatch in dielectric constant (′) at the glass/polymer interface.  This mismatch 
effectively serves as an electrical stress raiser and may act as the critical flaw in dielectric 
breakdown.  This work attempts to address this problem by modifying the dielectric 
properties of the matrix so as to more closely match the dielectric constant of the glass 
filler.  Because it has been shown that, unlike larger reinforcements, nanometer scale 
reinforcements do not precipitate dielectric break-down, the matrix was filled with high 
dielectric constant nanofiller in order to match the ′ of the matrix with that of the 
micron-sized reinforcements.  By reducing the mismatch in ′ at the matrix-filler 
interface, the buildup of field concentrations responsible for the premature breakdown 
events was mitigated.  The following study presents the improved characteristics in 
dielectric breakdown strength observed for PMCs composed of bisphenol E cyanate ester 
(BECy) monomer resin modified with nanometer sized barium titanate (BaTiO3) 
particles, designed to produce a low viscosity slurry with a matching dielectric constant 
value to E-glass microsphere filler, ′ = 5.8.  Glass spheres are used instead of fibers to 
facilitate sample preparation. 
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Introduction 
Structural Capacitors  
Because of their excellent specific properties, composite materials have proven 
very successful in increasing the mass efficiency of structures under a variety of loading 
modes [8-15].  This work seeks further increases in mass efficiency by designing 
materials that can perform multiple functions simultaneously.  By eliminating or reducing 
the need for conventional materials that perform single, separate functions, this 
multifunctional materials approach offers system level mass/volume savings over 
conventional designs.  For example, recent work has shown that structural capacitors can 
reduce overall system mass by combining weight intensive energy storage and structural 
functions, possibly enabling technologies such as electromagnetic armor and rail guns on 
mobile platforms[2, 65]. 
Structural capacitors are typically produced with a structural dielectric such as 
glass fiber reinforced polymers laminated with thin, conducting film electrodes.  A 
critical performance metric for these devices is the energy density, which can be 
maximized either by raising the composite’s dielectric constant and/or its dielectric 
breakdown voltage.  Unfortunately, the presence of micron sized reinforcements in the 
composite dielectric often results in deceased dielectric breakdown strength [66].  The 
mismatch in dielectric constant at the interface between the reinforcement and the 
polymer acts as an electric field stress-riser, precipitating premature breakdown.  
However, research suggests that unlike micron-sized reinforcements, nanometer scale 
fillers do not reduce the breakdown strength [36, 40].  Therefore, nanometer fillers could 
be used to increase the energy density in two ways.  First, the increase in dielectric 
constant with increased filler content without the concomitant decrease in dielectric 
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breakdown would result in an increase in energy density.  Second, the nanometer scale 
filler could be used to tune the dielectric constant of the matrix to match that of the 
micron sized filler.  Such a “nano-micro” composite would not suffer from the mismatch 
in dielectric constant and associated electric field concentration at the glass/polymer 
interface, resulting in increased breakdown strength.  
This investigation explores the effect of nanometer scale BaTiO3 on the 
breakdown strength of BECy/glass composites.  The BECy matrix is loaded with BaTiO3 
nanoparticles in order to raise the dielectric constant of the matrix to match that of the 
micron sized reinforcement.  Composites with and without the BaTiO3-filled matrix are 
manufactured across a range of glass contents and tested for their dielectric breakdown 
strength. 
In the sections that follow, the design of the nano-micro composite is discussed 
first.  An analytical model is used to determine the BaTiO3 content necessary to raise the 
matrix dielectric constant to match that of the micron sized glass filler.  Next, the 
procedure used to manufacture glass/BaTiO3/cyanate ester composites is discussed.  
Finally the dielectric properties of these composites are tested in order to study the effect 
of nanofiller on the performance of structural capacitors. 
Design of Nano-micro Composite for High Dielectric Breakdown Strength 
In order to mitigate the dielectric breakdown of polymer matrix composites 
(PMCs), constituents must be chosen to minimize their difference in dielectric constant.  
Good match between matrix and filler dielectric constant values minimizes the 
phenomena of local field exclusion within the glass reinforcement and the associated 
local field enhancement in the polymer matrix[67].  For example, compared to neat 
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polymers the dielectric breakdown strength of glass fiber reinforced PMCs is much 
lower[68].  This reduction is attributed to the dielectric constant mismatch at the 
matrix/glass interface which results in an electric field buildup responsible for the 
catastrophic failure of the capacitor[48].   
Instead of glass fibers, microspheres as model reinforcements were used in order 
to facilitate processing.   A cyanate ester was used for the matrix.  Most research and 
development in structural capacitor PMCs has focused on epoxy resins, while the 
application of cyanate ester resins as matrix material has not yet been thoroughly 
explored.  Therefore, in this work we propose to increase the breakdown strength of 
conventional structural glass/polymer composites by matching the dielectric constants of 
the nanometer sized modified cyanate ester matrix and micron sized glass spheres.   
Bruggeman’s symmetric mixture formula, Eq. (3-1) [49, 69], was used to estimate 
the content of BaTiO3 nanoparticles necessary to match the dielectric constant of the 
BaTiO3/BECy matrix to our desired filler, E-glass microspheres, which have a dielectric 
constant of ′=5.8.  From the model, the effective dielectric constant of the two phase 
system, ′, is given by 
      (
     
      
)    (
     
      
)      (3-1)  
where   is   volume fraction,   is dielectric constant, and subscripts 1 and 2 represent the 
PMC’s matrix and filler, respectively.  From the equation above, the volume fraction of 
BaTiO3 needed to produce a slurry with ′ = 5.8 was calculated.  Taking the literature 
dielectric constant values of the glass, BECy, and BaTiO3 to be 5.8, 4.0, and 150 
respectively, the model predicts that dielectric constant of the BECy- nanocomposite 
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matrix will match that of the glass fibers at a BaTiO3 concentration of 10 vol. %, Figure 
3-1. 
 
Figure 3-1.  Bruggeman model of effective dielectric constant for BaTiO3, at 1 Hz, as a function of 
ceramic filler vol. % loading in BECy resin. 
 Processing and Dielectric Measurements 
 Materials 
Commercially available BECy monomer resin, EX1510 with a specific gravity of 
1.2, was purchased from TenCate Advanced Composites USA, Inc. (Morgan Hill, CA).  
Polymerization was initiated with the aid of the organometallic-based catalyst supplied 
by the manufacturer in a mass ratio of 3:100.   
BaTiO3 powder, with a nominal particle size of 50 nm and a specific gravity of 
5.85, was obtained from Inframat Advanced Materials, LLC (Manchester, CT).  The 
BaTiO3 was kept in a vacuum oven at 76 °C prior to sample preparation, in order to 
remove any water molecules trapped on the powder surface.  The presence of moisture 
during the cure cycle of BECy has been shown to negatively impact the dielectric and 
thermo-mechanical properties of the fully cured composite [70]. 
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E-glass 6000E microspheres, with an average diameter of 6 m, a dielectric 
constant of 5.8 at room temperature and a specific gravity of 2.54, were purchased from 
Potters Industries, Inc. (Valley Forge, PA).  The glass spheres were highly agglomerated 
and therefore broken up using a mortar and pestle upon receipt, after which the powder 
was kept in a vacuum oven at 76 °C prior to sample preparation. 
 PMC Wafer processing  
In order to test the effect of BaTiO3 nanoparticle content on composite breakdown 
strength, two sets of composite specimens were made with glass microsphere 
concentrations of 0 vol. %, 15 vol. %, and 30 vol. %.  In the first set, the BECy matrix 
was used as received, without BaTiO3 nanopaticles.   In the second set, the BECy matrix 
was loaded with 10 vol. %, BaTiO3 nanopaticles in order to achieve dielectric constant 
matching between the glass microspheres and the BECy/BaTiO3 matrix. 
The E-glass/BECy specimens were manufactured by homogenizing 14.55g of 
BECy and 0.45g catalyst with 5.6g and 13.6g of E-glass miscrospheres to make the 15 
vol. % and 30 vol. % slurries, respectively.  Homogenized slurries were prepared with the 
aid of a Thinky Centrifugal Mixer (model ARE 250, Thinky USA, Inc., Laguna Hills, 
CA), operating for periods of no less than 15 min with additional 5 min mixing times as 
needed for homogeneous dispersion. 
The E-glass/BaTiO3/BECy composites were manufactured from slurry of BECy 
resin containing 10% by volume BaTiO3 nanoparticles.  The BaTiO3/BECy slurry was 
prepared by homogenizing 8.20 g of BaTiO3 nanometer sized powder into 14.55 g of the 
low viscosity BECy monomer and 0.45 g of catalyst, as previously described for the 
BECy-glass specimens.  Because BaTiO3 is five times denser than BECy, high speed 
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mixing is necessary to maximize the barium titanate’s suspension time in the slurry.  A 
moderate rise in viscosity was observed as ceramic and glass filler loading increases, 
however the resulting homogenized slurry still poured easily into the silicone rubber 
curing molds. 
Preparation of the 15 vol. % and 30 vol. % E-glass-BaTiO3/BECy PMC slurries 
required homogenizing 8.20 g of BaTiO3 nanopowder with 6.28 g and 15.25 g, 
respectively, of E-glass microspheres prior to addition of the BECy monomer.  In order to 
reduce the agglomeration of homogenous BaTiO3 or E-glass powder pockets during 
planetary mixing, a LabRam ultrasonic mixer (Resodyn Corp., Butte, MT) was used at 
65% intensity for 7 min to create a homogenous solid-solid mixture of the BaTiO3 
powder and E-glass microspheres.  After addition of the 15.00 g BECy monomer-catalyst 
mixture, slurries containing the different loadings of E-glass (15 vol. % and 30 vol. %) 
were mixed, as described for the E-glass/BECy slurry, using the planetary mixer.  As 
expected, the 15 vol. % and 30 vol. % E-glass slurries exhibited increased viscosity 
compared to the slurry without E-glass.  However the viscosity increase did not prevent 
subsequent pouring and degassing.  The homogenized slurries were poured into 
cylindrical silicone rubber molds and degassed in a vacuum chamber evacuated to -1 atm 
for 30 min to remove any air trapped during mixing.  The nature of the silicone rubber 
molds prevented direct observation of any sedimentation that may have occurred during 
the degassing period.  Nevertheless, in order to mitigate any sedimentation of the higher 
density fillers from the BECy resin during cure, the cylindrical molds were mounted onto 
a horizontal spindle, rotating at 80 revolutions per min.  The spindle was installed in a 
horizontally oriented overhead stirrer (model RW20, IKA Works, Inc., Wilmington, NC) 
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and inserted into the oven through an unused exhaust port.  The oven was ramped at 2 
°C/min. from room temperature to 90 °C and samples were cured for 60 min.  Post cure 
proceeded at the same ramp rate to 150 °C and held for 2h to complete the cross-linking.  
The cured samples were then allowed to gradually cool to room temperature before these 
were removed from the silicone rubber molds. 
After cure, PMC wafers of diameter ca. 25 mm and thickness on the order of 200 
m were cut from the bulk sample using a low speed saw (Buehler, an ITW company, 
Lake Bluff, IL) equipped with a 500 m thick diamond saw blade, set to 50% of 
maximum speed.  Dielectric samples were subsequently sputter-coated with gold-
palladium for 60s (Desk V Sputter/Etch, Denton Vacuum LLC, Moorestown, NJ) to 
ensure good electrode contact.  One face was sputtered using a 21mm circular mask 
while the other was completely covered, in an effort to mitigate edge effects, Figure 3-2. 
 
 
Figure 3-2.  Typical gold-palladium sputter coated PMC using a 21mm diameter mask. 
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 Microscopy 
Micrographs were collected using a reflected light microscope (MX 50 - 8 Inch, 
Olympus America Inc., Center Valley, PA) equipped with a 12 Megapixel digital camera 
(model 14.3 3-shot color, Spot Imaging Solutions, Diagnostic Instruments, Inc., Sterling 
Heights, MI) bundled with Spot Basic software V4.7.  Optical images were collected at 
1000x magnification. 
Scanning electron microscopy (SEM) samples were prepared by sputter coating 
with a thin layer of gold (model Hummer XP, Anatech, Ltd., Alexandria, VA) for 35s, 
then the sample region was framed with copper tape  to reduce the amount of charging 
inherent to the specimen when the electron beam is on.  SEM images were collected with 
a FE-SEM instrument (model S-4700, Hitachi High Technologies America, Inc., Dallas, 
TX) with FE PC-SEM software V3.6.  Electron backscatter diffraction (EBSD) SEM 
images were collected at x1000 for comparison to optical images. 
 Dielectric Constant  
Dielectric constant and dissipative loss measurements were conducted at room 
temperature over the range of 1 Hz to 10
6 
Hz using a broadband dielectric/impedance 
spectrometer (Novocontrol Technologies, Hundsagen, Germany) packaged with 
WinDETA V5.83 software.  The dielectric spectrometer was fitted with a 20mm diameter 
bronze electrode that fit well within the perimeter of the sputter coated electrode on the 
specimens.  Four sample wafers from each bulk composite were measured in triplicate to 
determine a mean value of the dielectric constant; a total of 12 measurements per bulk 
PMC sample were collected. 
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 Dielectric Breakdown Strength  
Breakdown measurements were conducted using an insulating tower fitted with 
brass electrodes, Figure 3-3, connected to a constant voltage ramp power supply, 
Glassman high voltage source (model FC60 power supply, Glassman High Voltage, Inc., 
High Bridge, NJ).  The tower fit within the volume of a glass enclosed Faraday cage-style 
box designed to reduce the risk of electrical shock.  The voltage was ramped at 500V/s 
until the specimen experienced catastrophic dielectric breakdown and could no longer 
support a potential.  The PMC wafers were wetted with mineral oil to reduce the 
likelihood of dielectric breakdown through the air, circumventing the sample.  The 
voltage data were collected at a rate of 120 Hz using LabView software and then 
analyzed with MS Excel. 
 
Figure 3-3.  PTFE tower with brass electrodes used to measure breakdown voltage. 
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Results and Discussion  
 Microscopy  
Microscopy was used to characterize the dispersion of the various constituents.  
EBSD images revealed agglomerations of BaTiO3, depicted as white circles in Figure 
3-4a, while grey circles and hollow circles represent the E-glass spheres embedded in and 
pulled out from the matrix. 
 
Figure 3-4.  a) Back scattered electron diffraction micrograph of 15 vol. % E-glass/10 vol. % BaTiO3 
in BECy matrix.  The heavier BaTiO3 particles appear brighter than the grey E-glass and dark 
polymer.  b) ImageJ areal calculation of agglomerated BaTiO3 content. 
Using ImageJ software (National Institutes of Health), the PMCs’ agglomerated 
BaTiO3 content was estimated based on the fractional surface area as shown in EBSD 
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1000x micrographs [71].  These measurements showed that agglomerated BaTiO3 
content of the specimens were 8.1%, 8.0 and 3.6%, respectively, for the 0, 15 and 30 vol. 
% E-glass PMCs.  We assume that the balance of the nanometer sized powder has been 
homogenized throughout the matrix, as shown by a micrograph at high magnification, 
25000X, in Figure 3-5.   
 
Figure 3-5.  Unagglomerated BaTiO3 particles dispersed in BECy matrix.  Back scatter electron 
diffraction of 15 vol. % glass/10 vol. % BaTiO3.  Image taken at 25,000x. 
The content of dispersed BaTiO3 is shown in Table 3-1.  In addition to characterizing the 
distribution of constituents, the micrographs showed no evidence of voids that would 
result in a decrease in the PMC’s measured dielectric constant. 
Table 3-1.  Calculated volume fraction loadings of dispersed BaTiO3 in E-glass PMCs. 
Specimen Dispersed 
BaTiO3 (%) 
0% E-glass/10% BaTiO3 1.9 
15% E-glass/10% BaTiO3 2.0 
30% E-glass/10% BaTiO3 6.4 
The intent in this work was to manufacture a composite of two phases: (1) 
“matrix” of 10% BaTiO3 nanoparticles dispersed in BECy resin and (2) micron sized 
glass reinforcement.  However because of the agglomeration of the nanoparticles the 
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resulting composite is a three phase system consisting of: (1) a “matrix” of BaTiO3 
nanoparticles dispersed in BECy resin; (2) micron sized BaTiO3 agglomerates; and (3) 
micron sized glass reinforcement.  
 Effective Dielectric Constant 
The dielectric constant of a BaTiO3/BECy PMC, calculated with the analytical 
model was compared to the value empirically obtained at 1Hz, and good correlation was 
found, Figure 3-1.  The BECy specimen loaded with 10 vol. % BaTiO3 powder measured 
′ ca. 5.8. 
Figure 3-6 shows the effective dielectric constant of the E-glass/BECy PMCs with 
and without BaTiO3.  As expected, E-glass/BECy composites without BaTiO3 exhibit ′ 
values which rise with increasing glass fraction.  The rise is explained by the disparity in 
′ values of the E-glass, ca. 5.8, and the matrix, ca. 4, thus adding more glass naturally 
increases the composites’ dielectric constant.  The curves also show that the ′ values of 
the PMCs containing only unmodified BECy and E-glass fall below the values of E-glass 
PMCs prepared with the modified resin containing BaTiO3.  Furthermore, the curve of 
the PMC containing ~10 vol. % BaTiO3 in BECy indicates a value in the range of 5.5 to 
6.2, consistent with the targeted value of ′=5.8, matching the ′ value for the E-glass. 
35 
 
 
 
 
Figure 3-6.  Mean dielectric constant values of PMC containing 0, 15 & 30 vol. % E-glass in a 10 vol. 
% BaTiO3-BECy matrix over the range of frequencies from 1 to 10
6
 Hz. 
Contrary to our expectations, an increase in ′ with increasing glass fraction for 
the E-glass/BaTiO3/BECy composites was observed.  Recall that for these specimens, the 
dielectric constant value of the BaTiO3/BECy “matrix” was tailored to match that of the 
glass.  As such, the expectation was that the PMC’s ′ value to be independent of glass 
volume fraction.  The reason for this trend is unclear.  One possible explanation is the 
presence of the intensified electric fields induced at the interface of the matrix and E-
glass microspheres that expose the much smaller BaTiO3 nanometer sized particles to 
augmented electric fields [72].  A similar argument can be made for the interface of the 
matrix and agglomerated BaTiO3.  These higher valued electric fields enhance the 
polarization of the dispersed ferroelectric nanoparticles, Figure 3-6, and produce a PMC 
′ greater than that expected in the absence of the E-glass.  The former would justify the 
correlation between increased PMC ′ values observed with increasing E-glass volume 
loading. 
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 Breakdown Voltage and Dielectric Strength  
Dielectric strength measurement of PMC’s without BaTiO3 were compared to 
those compounded with the ferroelectric nanometer sized powder.  Figure 3-7 shows that 
at 0 vol. % and 15 vol. % glass, the breakdown strength is significantly higher for the 
PMCs when the BECY matrix is modified with BaTiO3.  For the 30 vol. % glass 
specimen, however, there is no noticeable difference between the two specimen types. 
 
Figure 3-7.  Dielectric breakdown strength measurements of PMCs with and without modified BECy 
resin matrix with reference to E-glass content. 
A number of factors can influence the dielectric strength of a ceramic filled PMC, 
including filler size, wettability, and the homogeneity of the dispersion [40].  The initial 
hypothesis was that by tailoring the resin’s dielectric constant and taking advantage of 
dielectric constant matching with the E-glass filler, the mismatch between matrix and 
glass and increase the composite’s dielectric strength could be suppressed.  Figure 3-7 
shows that only at the lower E-glass loading is there evidence of marked improvement.  
Furthermore, the results suggest that it is the BaTiO3 which increased the breakdown 
strength, but not explicitly as a result of the dielectric constant matching. 
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While the presence of BaTiO3 increased the breakdown strength for two of the 
specimens:  0 vol. % and 15 vol. % glass, the presence of glass microspheres did not 
appear to affect breakdown strength for either specimen type over the range of glass 
fractions studied.  In other work, the addition of micron sized inclusions decreased the 
breakdown strength [73].  As no such decrease was observed here, we cannot determine 
whether dielectric constant matching is a viable route for increasing breakdown strength 
in PMC’s.  More importantly, because much of the BaTiO3 nanopowder agglomerated 
instead of dispersing into the BECy, the composite cannot be considered as a simple two 
phase composite consisting of a nanocomposite “matrix” with dielectric constant matched 
to  the micron sized glass particles.  Instead, as mentioned earlier, it is a 3-phase 
composite consisting of: (1) a “matrix” of BaTiO3 nanoparticles dispersed in BECy resin; 
(2) micron sized BaTiO3 agglomerates; and (3) micron sized glass reinforcement.  
Considering the large dielectric constant of BaTiO3, there is likely a significant mismatch 
in dielectric constant among these phases resulting in electric field concentration. 
Developing more precise processing methods that closely control the 
homogenization and geometry of the wafers will permit us to improve processing of glass 
fiber reinforced PMC’s that can serve multifunctional capacitive energy storage needs as 
well as fabrication of structurally sound components.  Future studies should include 
higher glass fractions more relevant to those expected in structural composites, as well as 
better matching of matrix and reinforcement dielectric constants through better BaTiO3 
dispersion.  Furthermore, using electrodes with increased areas, comparable to the 
sputtered surface, could result in breakdown within the constant electric field region, 
suspected to be greater in magnitude to that measured in the present study. 
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Conclusions  
Dielectric strength measurements of PMCs containing a 10 vol. % BaTiO3/BECy 
matrix, embedded with 0, 15 and 30 vol. % E-glass microspheres show that, in the case of 
0 and 15 vol. % E-glass loading, there is a marked improvement in dielectric strength, 
Figure 3-7.  As a result, we measured increased applied voltages to our PMC wafers prior 
to catastrophic failure.  This increase could lead to the development of structural 
capacitors with increased energy density.  However, more studies are necessary to 
determine if the reduction in the dielectric constant mismatch is responsible for this 
increase in the structural dielectric’s breakdown strength or if the observed phenomena is 
the result of some other interaction of the fillers with the matrix. 
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Abstract 
Glass fiber (GF) reinforced polymer matrix composites (PMCs) research for 
structural capacitor production, has delivered many systems exhibiting improved 
dielectric and mechanical properties.  Processing typically combines a high dielectric 
constant (′) polymer matrix, such as polyvinylidene fluoride (′~12), and continuous GF, 
delivering PMCs exhibiting robust characteristics.  However, polymer resins with high ′ 
are rare. This study investigated developing high dielectric constant matrix resins 
employing bisphenol E cyanate ester (BECy) monomer (′~3) modified with barium 
titanate (BaTiO3) nanoparticle filler (′=150).  Resin ′ was tailored by varying the load 
of BaTiO3 nanopraticles homogenized with neat BECy.  The combined thermo-
mechanical properties of BECy and dielectric properties of BaTiO3 render these 
constituents good candidates for developing structural capacitors.  Contrary to 
expectations, reduced ′ was observed for PMCs prepared with modified resin and woven 
GF.  These aslo did not demonstrated improvement of mechanical storage modulus 
compared to the untreated BECy/GF PMCs.  These phenomena are discussed within. 
Introduction  
The need to reduce payload while simultaneously increasing energy storage capacity 
of aerospace and military vehicles has been a driving force for the development of 
multifunctional, structural capacitors.  Researchers at the U.S. Army Research Laboratory 
(ARL) investigated structural capacitors produced from commercially available prepregs 
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that showed improvement in both load bearing and energy storage capacity at reduced 
mass [2].  One limitation of the commercially available systems, however, is the modest 
dielectric constant (′) typical of the polymer matrix resins used to produce prepregs [74, 
75].  In this investigation, modification of bisphenol E cyanate ester (BECy) monomer, 
homogenized with various loadings of barium titanate (BaTiO3) nanoparticles was 
explored to determine the dielectric and thermo-mechanical behavior of the resulting 
GF/BaTiO3/BECy composite. 
Mixture Models 
Several mixing models were available to estimate the ′ of composites consisting of 
the ferroelectric nanoparticles embedded within a continuous polymer matrix [36].  The 
same models were subsequently used to calculate the ′ of the cured composite systems.  
We recognized that one limitation of these models is their binary nature.  That 
notwithstanding, the systems were treated as stratified binary systems, where the ′ of the 
resin is calculated and this value is used in the next iteration of the model to calculate the 
′ of the GF composite. 
The volume-fraction average model, Eq. 4-1, albeit rudimentary, provided a quick 
method to estimate the effective dielectric constant of a polymer composite with a “back 
of the envelope” calculation. 
                 (4-1) 
where ′ is the effective dielectric constant of the composite,  represent the volume 
fractions of each constituent, and  are the literature dielectric constant of the 
corresponding constituents. 
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Mean field theory provided two additional models, which are based on the 
premise that spherical inclusions are embedded within the matrix.  The premise of the 
Maxwell equation, Eq. 4-2, is that each spherical inclusion resides within an infinitely 
large, continuous matrix.  This model provides a more accurate ′ for the composites 
compared to that given by the volume-fraction average model.   
      [
        (    )(      )
       (    )(      )
]  (4-2) 
The′ is still more accurately estimated using Bruggeman’s symmetric mixture formula, 
Eq. 4-3.  Here too, spherical inclusions are the basis of the model.  However, unlike the 
Maxwell model, the Bruggeman model treats the matrix as discontinuous unit volumes, 
each containing individual inclusions. 
  [
(     )
(      )
 ]     [
(      )
(      )
]     (4-3) 
Applying the dielectric constant models in a reiterative manner allowed us to calculate 
the ′ of the matrix, followed by the ′ of the entire polymer matrix composite (PMC).  
The latter provided us with a metric by which we could determine whether improvements 
to the dielectric constant of the PMC had been achieved with the selected resin and filler 
volumes. 
Matrix Resin 
Polycyanurate networks, formed by the curing of cyanate ester (CE) monomer resins, 
are the next generation of broad application thermosetting polymers.  The steric effects of 
the lone methyl group flanked by the bisphenol structure found along the backbone of 
BECy resin, Figure 4-1a, give rise to the unique characteristics of BECy observed in both 
monomer and the fully cured 3-D thermoset network.  Unlike bisphenol A cyanate ester 
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(containing two medial methyl groups) the lone methyl group of BECy inhibits 
crystallization, resulting in a super-cooled liquid state at room temperature that enhances 
ease of processing [76].  Most important, the low room temperature viscosity (0.09 – 0.12 
Pa
.
s) [77] permits processing without the need for solvents or elevated temperatures, 
typically necessary to lower the viscosity of epoxies and thermoplastics. 
The combination of the resin’s bisphenol nature and subsequent formation of 
complex, extended rigid-triazine structures are responsible for the high storage modulus 
(E’) and high onset glass transition temperature (Tg) observed in the fully cured thermoset 
network, making these thermoset matrices well suited for high temperature structural 
applications [78, 79].  Triazine rings typically form absent of side reactions or production 
of volatile emissions during the trimerization process.  Triazines form through the 
cyclomerization process involving the –OCN groups of three adjacent molecules [80], 
Figure 4-1b.  Additional attractive characteristics of BECy include:  radiation, fire and 
moisture resistance, mechanical and electrical stability over a broad range of 
temperatures, and excellent compatibility with metals and fiber reinforcers [81]. 
 
Figure 4-1.  a) BECy monomer b)  cross-linked triazine rings formed through C=N bonding involving 
three monomer molecules.[4] 
b) a) 
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Fully polymerized BECy thermosets exhibiting the aforementioned characteristics 
demonstrate that BECy is an excellent candidate for the high temperature matrix 
applications associated with structural capacitors and is the matrix of choice for designing 
high service temperature components [4, 77]. 
Ferroelectric Filler 
Ferroelectric materials are identified by their ability to retain the polarization caused 
by shifting of atoms within the crystal structure, after the external electric field 
responsible for the polarization of the atoms is removed.  Intensive studies of the 
dielectric properties of BaTiO3 over the past five decades [32, 46, 82-86] have helped 
make BaTiO3 a prominent material, prolific in the manufacturing of electronic 
components.  As such, BaTiO3 is one of the best characterized ceramics for capacitor 
applications [87, 88]. 
As predicted by the dielectric constant models, homogenization of spherical 
nanometer scale BaTiO3 particles into the BECy resin was performed with the 
expectation of producing a matrix resin exhibiting increased dielectric constant.  The ′ of 
commercially available cubic BaTiO3, above Curie temperature (T > 120 °C) is ca. 150 
[31], while the tetragonal phase, 5 °C < T < 120 °C, is ca. 1700 [32].  The expected 
outcome was that employing BaTiO3, even at low volume loadings, would result in 
overall improvements of the PMC’s dielectric constant, as reported in [52, 89]. 
Accurately predicting ′ of our PMC using the aforementioned models depended on 
preparing systems that best resembled the ideal compositions assumed by the models.  
Namely, the homogeneity of the resin/filler mixture must be maximized to enhance 
composite properties.  Taking measures to improve the physical and chemical bonding 
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between filler and matrix should lead to increased homogeneity of the system and result 
in PMCs with excellent mechanical and dielectric properties.  The surface of BaTiO3 is 
typically covered with -OH and/or -COOH moieties; the surface density of which is 
dependent on the processing method employed in the synthesis of the BaTiO3 powder 
[84].  Chemical and physical interactions during the cure process of BECy with the 
surface of BaTiO3 could result in PMCs with excellent mechanical and dielectric 
properties. 
Exploration of three phase composites is becoming more prevalent because additional 
objectives can be met when PMCs are more synergistically complex [52, 54].  Herein, 
mechanical and dielectric properties of a GF/BaTiO3/BECy PMC were explored to 
demonstrate that introduction of high dielectric constant fillers might improve the 
composite’s ′, while at the same time increasing the load bearing mechanical properties 
with the addition of continuous glass fiber.  Composites consisting of GF, BaTiO3 and 
BECy were produced and tested indicating intermediate improvement in storage modulus 
between the neat fully cured resin and the GF filled resin.  The volume content of BaTiO3 
in the BECy resin was low and suspected a strong factor in the composite’s modest 
improvements in dielectric constant. 
Experimental 
PMC Constituents 
The low viscosity BECy monomer resin, EX1510, was purchased from TenCate 
Advanced Composites USA, Inc. (Morgan Hill, CA).  At room temperature the monomer 
has a viscosity of 0.09 to 0.12 Pa·s and specific gravity of 1.2.  The monomer was 
polymerized using the embedded BaTiO3 filler in lieu of the organometallic-based 
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catalyst supplied by the manufacturer.  To ease processing, the monomer was placed into 
an 80 °C oven for 20 min prior to sample preparation. 
BaTiO3 nanometer scale powder, with a nominal particle size of 62 nm and a specific 
gravity of 5.85, was purchased from TPL, Inc. (Albuquerque, NM).  XRD analysis prior 
to composite preparation indicated the nano-powder was cubic crystal phase.  Chao et al. 
reported adverse effects of adsorbed moisture on cyanate ester/BaTiO3 composites [70], 
therefore, the BaTiO3 was kept in an oven, at 80 °C, until added to the BECy monomer.   
Continuous E-glass fiber film was purchased from The Composite Store, Inc. 
(Tehachapi, CA).  The material exhibited a tight plain weave consisting of 12.60 tows/cm 
x 10.63 fills/cm.  The fiber glass density was reported as 2.54 g/cm
3
 and SEM imaging 
indicated fiber diameter of approximately 7 m. 
PMC Preparation 
BaTiO3/BECy slurry was prepared by homogenizing the BaTiO3 nanopowder into the 
low viscosity BECy monomer, to which 2 wt% dispersing agent BYK W-9010, obtained 
from BYK-Chemie GmbH (Wesel, Germany), had been added.  Homogenizing was 
carried out at low centrifugal speeds and high rotation for 20 min, using a planetary mixer 
manufactured by Kurabo Industries, Ltd. (model Mazerustar KK 50S, Osaka, Japan) that 
optimized dispersion and minimized filler sedimentation. 
Slurries (BTO-0, BTO-15, BTO-53) containing different loadings of BaTiO3 (0, 1.5, 
5.3 vol%) were prepared, as described above, and transferred by syringe equipped with 
an 18G needle onto a wet lay-up/vacuum assisted resin transfer molding (VARTM) 
system, Figure 4-2.  Nine prepregs at a time were prepared by this method (due to oven 
space limitations).  Partial curing of the prepregs took place in a convection oven at 130 
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°C for 2 h under continuous vacuum.  At the end of the cure cycle, the prepregs were 
removed from the oven and debagged.  The nine prepregs were subsequently stacked one 
atop the other and placed into a new vacuum bag.  The system was returned to the 
convection oven at 130 °C under continuous vacuum for an additional 30 min to press the 
plies together and continue the curing process.  A digital temperature controlled Carver 
hot press was used to post-cure the bulk prepreg sample.  The vacuum bagged system 
was removed from the convection oven and transferred to the hot press.  The evacuated 
bulk sample was placed between the platens under near zero pressure as the temperature 
rose from room temperature to 250 °C at a rate of 5 °C/min.  At 250 °C, the pressure was 
raised to 35 kg/cm
2
 and the crosslinking polymerization of the sample proceeded to 
completion over 2 h.  The bulk composite was then allowed to cool to room temperature 
gradually under applied pressure.   
     
Figure 4-2.  Wet lay-up/VARTM prepreg prepared 9 films at a time. 
Dielectric, TGA and DMA Measurements 
Dielectric, thermo-gravimetric analysis (TGA) and dynamic mechanical analysis 
(DMA) specimens were prepared from the bulk coupon using a Buehler Isomet low 
speed saw (Buehler, Lake Bluff, IL), conformant to ASTM 150-11, ASTM D3850 - 12 
and TA Instruments guidelines for tension films.  Dielectric samples were 1mm thick 
with 20 x 20 mm
2
 area, TGA samples were 1 x 3 x 3 mm
3
 and DMA samples were 1 x 2 
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x 25 mm
3
.  Dielectric samples were sputter coated with a nominally 20 mm diameter 
silver electrode on each side to ensure good contact with the instrument’s electrodes.  A 
Novocontrol dielectric spectrometer was used to collect ′ and tan  measurements at 
room temperature in the frequency range from 1 Hz to 10
6 
Hz.   
TA Instruments’ Q50 thermo-gravimetric analyzer was used to determine the mass 
loss of BECy from the composite.  Mass of the GF content was calculated using area of 
sample, average diameter of fibers, density of glass and the number of tows and fills per 
unit length of the woven fiber.  The Q50 was ramped from room temperature, at 20 
°C/min, to 800 °C under ambient atmosphere.  TA Instruments’ Q800 dynamic 
mechanical analyzer was used, under ambient atmosphere, to measure tensile storage 
modulus and estimate the onset glass transition temperature based on the intersection of 
tangents method of the log scale storage modulus curve in tensile mode, ASTM E1640.  
DMA data were collected in the temperature range of 30 to 330 °C at a heating rate of 3 
°C/min for each of the BaTiO3 vol% loadings. 
Results and Discussion 
Thermo-mechanical Results 
TGA tests were performed on samples (BTO-0, BTO-15, BTO-53) to determine 
the mass fraction of the BECy, GF, and BaTiO3 constituents, Figure 4-3.  These values 
were subsequently used to determine the corresponding volume fractions of the PMC’s 
constituents. 
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Figure 4-3.  TGA of various BaTiO3 loadings in GF/BaTiO3/ BECy composites. 
Using corresponding volumes for all TGA samples allowed us to proceed with the 
assumption that every sample contained comparable amount of glass:  nine plies of 
woven GF with equal areas.  Table 4-1indicates the calculated GF, BaTiO3 and BECy 
volume content in our test samples from the corresponding masses. 
Table 4-1.  Volume content of composite constituents for samples prepared with different amounts of 
BaTiO3. 
Sample vol% GF vol% BaTiO3 vol% BECy 
BTO-0 24.0 0 76.0 
BTO-15 26.6 2.9 70.5 
BTO-53 31.2 7.8 61.0 
Conversion of the TGA results from wt% to vol% of each sample indicated a 
reasonable concentration of BaTiO3, despite evidence of an unexpected filtration taking 
place during the wetting of the fiberglass film; leading to the conclusion that the resin 
slurry contained agglomerates of BaTiO3 too large to pass through the small pores of the 
release film.  
Decrease in onset Tg was observed as the BECy network was disrupted by the 
fillers.  Tg of neat BECy, ca. 278 °C, was reduced to ~ 255 °C with the introduction of the 
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woven GF.  Table 4-1 indicates that the GF accounted for almost 25 vol% of the binary 
composite.  As BaTiO3 content was increased, lower onset Tg were observed and 
attributed to further reduction in the BECy network, Figure 4-4. 
 
Figure 4-4.  DMA measurement of storage modulus and onset glass transition temperature of various 
BaTiO3 loadings in GF/BaTiO3/BECy composites. 
Table 4-1 together with Figure 4-4 demonstrate the relationship between increased 
BaTiO3 content in the PMC and lower onset Tg, as the values for BTO-15 and BTO-53 
drop to 213 °C and 185 °C, respectively. 
As expected, DMA results indicated increases in storage modulus over neat BECy 
when PMCs were prepared by individually introducing GF or BaTiO3 to the BECy.  The 
composite’s storage modulus increased ten-fold with the addition of continuous E-glass 
fibers in the absence of BaTiO3; however, when BaTiO3 was introduced, producing a 
ternary system, E’ unexpectedly dropped, Figure 4-4.  One explanation for this reduction 
in E’ is that the nanopowder is competing with the E-glass for the available binding sites 
during polymer network formation and as a result fewer glass-matrix bonds are formed.  
Well dispersed nanometer scale fillers can result in more polymer chain bonding 
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occurring with the mobile BaTiO3 particles than would with the large aspect ratio, fixed 
woven GF, which reflected as lower Tg. 
Despite the decrease in storage modulus observed when BaTiO3 nanoparticles 
were added to the GF/BECy composites, there was evidence that as the BaTiO3 volume 
content increased so did the E’ exhibited by the composite, Table 4-2. 
Table 4-2.  Room temperature E' of various BaTiO3 PMCs. 
Sample E' 
Neat BECy 2.5 
BTO-0 27.6 
BTO-15 8.7 
BTO-53 13.0 
The composite system’s increased stiffness, as a function of increasing particle loading, 
can be attributed to polymer chain motion impediment because of the presence of 
covalently bonded BaTiO3.   
The results of the investigation indicated that the degree of networking of the 
BECy was critical to creating a PMC capable of performing at elevated temperatures.  
Evident from the DMA curves was the fact that at volume loadings of 70.5 %, 26.6 % 
and 2.9 % of BECy, GF and BaTiO3 respectively (BTO-15) the E’ is improved by a 
factor of three, without suppressing the onset Tg of the PMC below 200 °C, the threshold 
temperature designated for aerospace application materials [63]. 
Dielectric Results 
Dielectric properties of the PMC samples BTO-0, BTO-15 and BTO-53 were 
compared to characteristics exhibited by neat BECy.  Fully cured BECy resin has a 
modest ′ close to 3, while the cubic phase of BaTiO3 exhibits a ′ of 150 [31], and E-
glass has a ′ of 6.6 [90].  Figure 4-5 indicates that the most significant improvement in 
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PMC dielectric constant was observed with the incorporation of GF into BECy; raising 
the ′ from 3 to 5.8.  Recall that when calculating the effective dielectric constant of the 
ternary PMC, reiterations of two constituents at a time were performed.  According to the 
models introduced in the mixture models section, the ′ of the slurry at 2.9 vol% BaTiO3 
ought to have been 8.2, 6.5 and 4.0 using the volume-fraction average model, the 
Maxwell equation, and the Bruggeman model, respectively. Comparison of the 
theoretically calculated dielectric constant for the two other loading samples (BTO-0 and 
BTO-53), using the same models, indicate that the trend observed in the test data, Figure 
4-5, is most closely fit by the Bruggeman model, Table 4-3. 
Table 4-3.  Effective dielectric constant of the composites with varying BaTiO3 vol% calculated using 
three different models. 
Model\sample BTO-0 BTO-15 BTO-53 
Volume-fraction avg. 3.9 8.2 15.6 
Maxwell Eqn. 5.8 6.5 8.6 
Bruggeman Model 5.0 4.0 4.7 
Figure 4-5 indicates the effective dielectric constant measured for each PMC 
prepared with 0, 2.9 and 7.8 vol% BaTiO3.  The curves in Figure 4-5 indicate that only 
modest improvements were made to the overall ′ of the cured resin.  At best, employing 
the unaltered resin in combination with the GF, provided a doubling of the ′ to just 
below 6.  With these modest changes in ′, it is not surprising that the tan  measured 
remain relatively unchanged over the frequency range of the data sweep. The PMC 
containing 7.8 vol% BaTiO3 was the only exception, showing a rapid increase in 
dissipation factor for frequencies below 10
2
 Hz.  Even this PMC’s tan  range well within 
the industry accepted value of < 0.05 for capacitive devices. 
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Figure 4-5.  Dielectric constant and dissipative loss spectra for PMC containing GF/BaTiO3/BECy. 
 The dielectric strength of the composites decreased as GF and increasing vol% 
loadings of BaTiO3 were added to the composites.  E-glass is a good electrically 
insulating material and as such only slightly reduced the dielectric strength of the E-
glass/BECy PMC.  Conversely, the more conductive nature of BaTiO3 along with better 
dispersion throughout the matrix exhibited more significant reductions in dielectric 
strength than E-glass for both vol% loadings.   
 
Figure 4-6.  Dielectric strength of PMCs prepared with BECy, continuous woven GF and BaTiO3. 
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Conclusions 
Our approach to improve the processing of structural capacitors involved the 
preparation of a modified resin for application on to a woven fiberglass film that would 
be used to prepare composite prepregs suitable for production of load bearing, electrical 
energy storage devices.  Two BECy resin slurries were prepared containing 2.9 vol% and 
7.8 vol% BaTiO3 in order to improve the dielectric constant of the slurry used to wet out 
a fiberglass film.  The dielectric measurements indicated only modest improvements in 
dielectric constant values of the structural composites prepared compared to the fully 
cured neat BECy.  These results indicated that there is need for improved processing 
methods to mitigate the nanoparticle agglomeration, which occurred during the resin 
preparation and fiber wetting.  As expected, the thermo-mechanical results obtained from 
the DMA measurements indicated that the presence of the fiberglass provided a 
significant contribution to the improved stiffness of the PMC, with very small reduction 
of Tg.  However, the result were unexpected whereby contributions made to the PMC by 
BaTiO3 appear to be detrimental as dielectric constant, storage modulus, and onset glass 
transition temperatures are suppressed at these vol% loadings of BaTiO3 in combination 
with E- glass.  
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Abstract 
Polymer matrix composites (PMCs) were studied to investigate the effect of 
fillers on the dielectric and thermo-mechanical characteristics of the composites.  
Multifunctional PMCs were prepared by homogenizing bisphenol E cyanate ester (BECy) 
monomer with multi-walled carbon nanotubes (MWCNT) and various loadings of 
nanometer-scale barium titanate (BaTiO3) powder.  The BECy monomer was 
rheologically modified with montmorillonite (MMT) nanoclay to increase viscosity and 
mitigate filler sedimentation.  Dielectric and thermo-mechanical measurements of a 
multifunctional BaTiO3/MWCNT/MMT/BECy composite indicated an increase in 
effective real permittivity and storage modulus compared to the values for a fully cured, 
neat BECy system.  We also observed moderate increases in dielectric dissipation factor 
and a reduction in onset glass transition temperature.  The goal of this work was to 
successfully process these constituents into viable, multifunctional composites, while 
maintaining their favorable dielectric and thermo-mechanical properties and to utilize 
them in the production of high-temperature, structural capacitors. 
Introduction 
Portable power supplies, such as batteries and capacitors, are bulky and 
significantly contribute to the mass of mobile platforms employed throughout industry 
[91]. Over the last decade, increased energy demand  has led to a shift of energy storage 
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research from portable power supplies to passive structural capacitors that reduce payload 
and increase energy storage efficiencies [92].  The global interest in achieving high 
efficiency levels using structural capacitors has prompted research to focus on the 
behavior of polymer matrix composites (PMCs) [70, 80, 81, 93-96].  Their mechanical 
and dielectric properties can be tuned by adding specially designed resins and fillers that 
exhibit desirable properties.  Designing structural capacitors requires the suitable 
selection of robust materials that can bear mechanical loads without sustaining physical 
damage, withstand a broad range of service temperatures, and exhibit electrical storage 
capacities that meet or exceed those of traditional capacitor devices.   
PMCs based on cyanate esters and epoxy resins forming thermoset matrices have 
been investigated because of their low specific density and their potential to be used in 
high temperature applications [4, 77].  Recent investigations into modifications of the 
mechanical and dielectric properties of PMCs using montmorillonite (MMT) nanoclay 
[80], multi-walled carbon nanotubes (MWCNTs) [97] and ferroelectric barium titanate 
(BaTiO3) ceramic [98] have provided a better understanding of the contributions these 
fillers make to the composite’s effective properties.  While epoxy is still the more 
ubiquitous, bisphenol E cyanate ester (BECy) has begun to attract special attention 
because of its low room temperature processability, robust resistance to harsh 
environmental conditions, and demonstrated mechanical and electrical stability [81].     
Sedimentation of robust, high density fillers during composite processing has 
made them difficult to work with during the preparation of PMCs, despite a number of 
different approaches to mitigate this problem.  To overcome this challenge, investigators 
examined characteristic changes in resins subjected to different processes aimed at 
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modifying resin rheology [99-102]. One of these investigations focused on modifying 
resin viscosity by adding MMT nanoclay.  Increasing resin viscosity alleviates the 
settling that takes place when the high density fillers are mixed with low density resins.  
Literature indicates that at low loadings MMT minimally affects the dielectric [98] and 
mechanical [103] properties of PMCs.  Therefore, the introduction of MMT during 
composite processing provides a useful tool, allowing the utilization of desirable high-
density filler materials to produce PMCs exhibiting required characteristics [101]. 
Carbon nanotubes offer both mechanical and dielectric characteristics suitable for 
structural and capacitive demands. For example, MWCNT composites are known to 
transfer the stress applied to a soft composite matrix by redistributing the applied load to 
the nanotubes [27].  In addition, with a Young’s modulus of approx. 1.28 TPa [104] and 
critical buckling stress between 100 and 150 GPa [105], multi-walled carbon nanotubes 
significantly increase the storage modulus (E′) and toughness of PMCs.   Adding to the 
mechanical properties, the highly conductive graphene networks of the nanotubes 
increase the effective permittivity (′) of multifunctional composites by several orders of 
magnitude.  As indicated in [106], the reported ′ values increased by two orders at a 
loading of 1 wt. % and by nearly three orders at a loading of 3 wt. %. Unfortunately, the 
increase in ′ of MWCNT composites is often coupled with prohibitively high dissipation 
factors (tan ) indicative of imminent electrical breakdown. 
Unlike the MWCNTs, nanometer scale BaTiO3 offers low tan values ( 
coupled with a permittivity of approx. ′= 150 in its cubic phase and as much as 10,000 in 
its tetragonal phase.  Research using nanometer scale BaTiO3 fillers and a polyvinylidene 
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fluoride matrix suggested an increase in permittivity for the PMCs by as much as 10 
times compared to the permittivity of the unfilled resin [107].  Another benefit of using 
nanometer scale BaTiO3 is its high specific surface area which greatly increases the 
filler/matrix interface bonding.  The enhanced bonding between the polymer matrix and 
the nanofillers increased the PMC’s ability to bear mechanical loads, thus augmenting the 
PMC’s structural characteristics [108-111].  The surface of BaTiO3 nanoparticles is 
typically covered with hydroxyl (-OH) and/or carboxyl (-COOH) functional groups, the 
surface density of which is controlled by the processing method employed in the 
synthesis of the BaTiO3 powder [112, 113].  To increase the bonding between filler and 
matrix, the BaTiO3 particles can be treated with suitable coupling agents that chemically 
bind the -OH and -COOH groups to the matrix.  One coupling agent is -
glycidoxypropyltrimethoxysilane (GPS), an organo-silicon molecule that offers a silane 
group at one end of an alkane chain and an epoxy group at the other.  Investigations of 
the interface bonding using GPS as a coupling agent with particulate fillers such as 
aluminum/alumina [108], silica [109], zirconium phosphate [110], titanium and 
zirconium alkoxides [111] demonstrated increased bonding between the inorganic fillers 
and the organic matrices. 
These previous studies of the mechanical and dielectric characterizations of PMCs 
filled with MWCNT primarily focused on thermoplastic and epoxy matrix composites.  
Incidentally, the literature cites only one study on composites that contain a BECy matrix 
and BaTiO3 filler [70].  Furthermore, the literature only reports findings for BECy 
matrices with micrometer scale BaTiO3 filler particles, which are expected to result in 
different properties than fillers on the nanometer scale.  Similarly, there are no published 
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investigations regarding the tan  of composites containing BECy matrices and a 
combination of MWCNTs (high tan and BaTiO3 (low tan .  One investigation of a 
combined nanotube/ceramic/epoxy system [54] revealed that the dielectric behavior of 
such a system demonstrated high permittivity and low tan  values.   Based on these 
results, we will investigate whether BECy matrices impart dielectric and mechanical 
properties to PMCs that are comparable to epoxies or better suited for structural-
capacitive applications than epoxies. Finally, we address the question of whether the ease 
of using BECy at room temperature leads to increased homogeneity in the filler 
dispersion, resulting in isotropic properties of the composites. 
Materials and Methods 
Materials 
Commercially available bisphenol E cyanate ester (BECy) monomer resin, 
EX1510, was chosen for its low room temperature viscosity of 0.09 – 0.12 Pa·s [4], and 
ease of processing.  BECy, with a reported specific gravity value of 1.2, was purchased 
from TenCate Advanced Composites USA, Inc. (Morgan Hill, CA).  The monomer was 
used as received, without the addition of the organometallic-based catalyst supplied by 
the manufacturer, because the fillers fulfilled the role of catalysts with this particular 
monomer.  The rheology of the monomer was modified by adding nanometer scale clay 
powder, as this addition previously proved to mitigate the sedimentation of high-density 
fillers in low density monomers [101].  Nanofil®116 nanoclay, with a platelet aggregate 
size of 12 m and a specific gravity of 2.59, was obtained from Southern Clay Products, 
Inc. (Gonzales, TX).  The nanoclay is known to have a modest dielectric effect on 
thermoset composites [98].  Two high density, high permittivity fillers, MWCNT and 
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BaTiO3, were homogenized with the modified monomer to produce composites that met 
load bearing and electrical storage criteria.  MWCNTs were procured from Cheap Tubes, 
Inc. (Brattleboro, VT).  They were produced by catalyzed chemical vapor deposition and 
exhibited a specific gravity value of 2.1.  The outer diameter of the MWCNTs was 
reported by the manufacturer to be in the range of 10-30 nm, with lengths ranging from 
10-30 m.  According to the manufacturer, the surface of the MWCNTs had –OH and     
–COOH contents of 3.1 wt. % and 2.0 wt. %, respectively.  BaTiO3 nanopowder, with a 
nominal particle size of 62 nm and a specific gravity of 5.85, was acquired from TPL, 
Inc. (Albuquerque, NM).  Surface functionalization of BaTiO3 was accomplished using a 
method established by Iijima et al. [114]. The nanometer scale powder was refluxed with 
-glycidoxypropyltrimethoxysilane (GPS) in xylene at 80 °C for 24 h under constant 
stirring.  GPS was purchased from Sigma-Aldrich, Ltd. (Singapore).  All dry powder 
materials were stored in a drying oven set to 80 °C until added to the BECy monomer 
because the presence of moisture in the composite during the curing cycle negatively 
impacts the dielectric and thermo-mechanical properties of the composite [70].  Prior to 
sample preparation the monomer was placed in an oven at 80 °C for 20 min. 
Composite Preparation 
It was empirically determined that 1 wt. % MMT produced the necessary 
viscosity for the BECy slurry to facilitate suspension of the higher-density BaTiO3 and 
MWCNTs during processing. Therefore, all samples containing BaTiO3 or MWCNT also 
contained 1 wt. % MMT.  Literature review [115] and preliminary processing 
experiments determined that 2.6 wt. % MWCNT was the highest achievable loading 
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when processing PMCs.  This limit was controlled primarily by the increased viscosity of 
the slurry. 
Each MWCNT/BaTiO3/BECy slurry was prepared at room temperature and 
ambient atmosphere by homogenizing 1 wt. % nanoclay, 2.6 wt. % MWCNTs, and 
incremental amounts of BaTiO3 (20, 30, 40 wt. %) with the low viscosity BECy 
monomer, using a Mazerustar KK-50S planetary mixer manufactured by Kurabo 
Industries, Ltd. (Osaka, Japan).  Following the addition of each dry constituent, the slurry 
was mixed for 10 min at a centrifugal setting of 9 and rotational setting of 7.  After the 
slurries containing different loadings of BaTiO3 were prepared, they were poured into the 
cylindrical chambers of a sealed silicone rubber mold, with chamber dimensions of 2 cm 
depth × 2.5 cm diameter.  Preliminary investigations revealed sedimentation of the fillers 
during cure, indicating that the slurries experienced a drop in viscosity during the curing 
process.  Therefore, a rotational oven was employed to prevent sedimentation during 
curing of the BECy resin.  Curing took place at 150 °C for 2 h in the rotational oven, 
followed by an additional 2 h post-cure in a standard convection oven, with a temperature 
ramp up to 250 °C at a rate of 5 °C/min.  Dielectric and DMA specimens were cut from 
the bulk composite to dimensions of 1 mm thickness × 25 mm diameter (wafers) and 1 
mm × 2 mm × 25 mm (rods), as indicated by ASTM 150-11 and TA Instruments 
guidelines for tension films.  The parallel surfaces of the wafers were polished and 
sputter-coated, using silver, with an electrode of nominally 20 mm in diameter to ensure 
good contact.  Each electrode was measured to two decimal places by digital calipers.  
Samples for dielectric strength testing were fully sputter-coated on one surface with 
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silver, while individual test points were sputtered on the opposite surface by means of a 
mask with a square array of 1 mm holes that were 5 mm apart. 
Characterization of MWCNT/BaTiO3/BECy composites 
Dielectric, breakdown voltage, and dynamic mechanical analysis (DMA) tests 
were carried out to measure permittivity, dielectric strength, and thermo-mechanical 
properties of the composites as the BaTiO3 content increased.    Each sample containing 
one of the wt. % loadings of BaTiO3 was measured for real permittivity, ′, and 
dissipative factor, tan  = ″/′ where ″ is the imaginary permittivity.  Dielectric 
measurements were collected at 20, 50, 80, 110, 140, 170 and 200 °C in a frequency 
range from 1 Hz to 1 MHz using a Novocontrol dielectric spectrometer (Hamburg, 
Germany).  Data were separately plotted for ′ vs. frequency and tan  vs. frequency for 
each BaTiO3 loading over the aforementioned temperatures.  Dielectric breakdown 
voltage measurements were conducted at room temperature using a CEAST dielectric 
rigidity instrument (Torino, Italy) at a ramp rate of 0.5 kV/s.  Breakdown voltage 
measurements were used to calculate the dielectric strength (DS) of each wafer sample by 
normalizing the breakdown voltage with the sample thickness at n locations (12 ≤ n ≤ 
16).  The mean value of DS calculated for a given wafer was reported as the DS for that 
specific BaTiO3 loading.  Thermo-mechanical measurements of the storage modulus E′ 
were collected using a TA Instruments Q800 DMA (New Castle, DE) under ambient 
atmosphere.  Data were collected in the temperature range from 30 °C to 330 °C at a 
heating rate of 3 °C/min for each BaTiO3 loading level.  The glass transition temperature 
(Tg) of each sample was determined using the “intersection of tangents” method (ASTM 
E1640) from the E′ curve in tensile mode.  The method identifies the Tg as the 
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temperature at which the line tangent to the glassy state of the curve intersects the line 
tangent to the glass transition region.  The dielectric and DMA curves of the 
multifunctional MWCNT/BaTiO3/BECy composites were compared to a control samples 
of neat BECy. 
Results and Discussion 
Permittivity and dissipative factor 
Multifunctional samples were prepared using modified BECy, 2.6 wt. % 
MWCNTs, and BaTiO3 powder at loading levels of  20, 30, and 40 wt. %.  The real 
permittivity (′and dissipative factor (tan  values for samples with the different 
loading level of BaTiO3 are shown in Figure 5-1 and Figure 5-2, respectively.   
 
Figure 5-1.  Temperature effect on permittivity of various multifunctional PMCs prepared with a) 
neat BECy, b) 20 wt% BaTiO3, 2.6 wt% MWCNT , c) 30 wt% BaTiO3, 2.6 wt% MWCNT and d) 40 
wt% BaTiO3, 2.6 wt% MWCNT 
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As predicted, increasing values of ′ were observed with increasing BaTiO3 
loading and increasing temperatures for the neat sample and samples at 20 and 30 wt. % 
loading levels.  However the anticipated result was not observed for the 40 wt. % BaTiO3 
sample, as its ′ value dropped compared to the 30 wt. % BaTiO3 sample.   
Literature indicates that as more ferroelectric nanoparticles are homogenized 
throughout the matrix, the average polarizability of the PMC increases in the absence of 
percolation effects.  Therefore, we were not able to correlate the lower permittivity at the 
40 wt. % loading.  The graphene networks of the MWCNTs contain ubiquitous unbound 
electrons that are readily mobile in the presence of an external electric field [116].  
Consequently, in response to an applied electric field, these unbound electrons may have 
been responsible for the high polarizability observed, explaining the high ′ values.  The 
permittivity results indicate that up to 30 wt. % loading of BaTiO3, the polarizability 
contributed by the MWCNTs to the PMC is dominant, but as 40 wt. % BaTiO3 was 
reached, the lower polarizability BaTiO3 became the dominant dielectric contributing 
constituent. 
The tan  values of these samples also increased as the BaTiO3 loading and the 
operating temperatures increased. The curves in Figure 5-2 support the hypothesis that 
the dominant constituent at or below loadings of 30 wt. % BaTiO3 was the MWCNTs, 
rendering the tan  values prohibitively high (capacitors with tan  values over and above 
0.05 exceed the desired threshold standards for commercial applications [22]).  However, 
as the BaTiO3 became the dominant contributing constituent at 40 wt. %, a reduction in 
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the tan  values was seen over a broad range of frequencies, which should make the 
multifunctional PMCs suitable for commercial applications (tan ≤ 0.05). 
 
Figure 5-2.  Temperature effect on dissipation factor of various multifunctional PMC prepared with 
a) neat BECy, b) 20 wt% BaTiO3, 2.6 wt% MWCNT , c) 30 wt% BaTiO3, 2.6 wt% MWCNT and d) 
40 wt% BaTiO3, 2.6 wt% MWCNT. 
Dielectric Strength 
The DS of neat BECy and of multifunctional composites with varying BaTiO3 
loadings are shown in Figure 5-3.  The DS of neat BECy was 5 times higher than the 
highest DS observed for the PMCs (at a loading level of 40 wt. % BaTiO3).  The higher 
DS value seen for the PMC with 40 wt. % BaTiO3 may be attributed to the dispersion of 
the non-conducting ceramic between the conducting MWCNTs.  This phenomenon led to 
a reduction in electrical conductivity that is responsible for the premature, catastrophic 
failure of the multifunctional composites with loading levels of 20 and 30 wt. % BaTiO3. 
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Figure 5-3.  Dielectric strength of the various multifunctional PMCs studied.  PMCs contained 2.6 
wt% MWCNT in addition to the BaTiO3 loading.  Error bars represent ± 1 standard deviation over 
12 to 16 measured values. 
Typically, two mechanisms are responsible for premature dielectric failure: voids 
and percolation.  Fillers not only infiltrate the polymer network, but potentially cause the 
formation of voids, which facilitate electron conductivity.  Voids in the polymer network 
lead to electron avalanches, known to be one of the most common mechanism of 
dielectric breakdown in polymers [36].  Percolation, or electrical conductivity, leads to 
premature breakdown if the conducting MWCNTs are arranged within the matrix such 
that the distance between conducting particles is easily traversed by moving electrons.  
The electric field induced by the applied voltage causes electron migration through the 
conducting particles.  When the network of conducting MWCNT particles spans the 
space between electrodes, a current pathway is formed and dielectric breakdown ensues.  
When non-conducting BaTiO3 particles occupied the volume between conducting 
MWCNTs, the electric current path was elongated, thus increasing the breakdown 
voltage. 
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Thermo-mechanical Results 
In a first step, dynamic mechanical analysis (DMA) data were collected to 
ascertain the effects of each filler on the modified resin, followed by DMA of the 
multifunctional composites.  Storage modulus and onset Tg of binary PMCs containing 
modified BECy and each of the fillers of interest are plotted in Figure 5-4.  The PMC 
containing 2.6 wt. % MWCNT and BECy showed an increase in E′ by a factor of 1.73 at 
room temperature compared to the neat BECy.  A loading of 40 wt. % BaTiO3 in BECy 
improved stiffness of the corresponding PMC by a factor of 1.61. 
The E′ values shown in Figure 5-4 indicate that the highly functionalized 
MWCNTs with their inherent E′ of ~1.2 TPa [11] interacted favorably with the polymer 
matrix, resulting in the most intimate interfacial contact and therefore highest 
contribution to the stiffness of the composites.  Similarly, the improved stiffness 
exhibited by the BaTiO3/BECy composites can be attributed to the GPS surface 
modification of the ceramic nanoparticles, which  improved the interfacial contact of 
BaTiO3 with the monomer resin, in agreement with the outcomes reported in [108-111]. 
Figure 5-4 shows that the onset Tg of the composites was reduced by 87 and 30 °C 
compared to neat BECy by the introduction of MWCNT and BaTiO3 fillers, respectively.  
The lower Tg may be caused by the reduced network-formation of the BECy polymer, 
which proceeded around the filler particles during cure and resulted in a reduced degree 
of cross-linking.  As compared to BaTiO3, the larger decrease in Tg observed in the PMC 
with MWCNT was attributed to a more pronounced network disruption resulting from the 
higher aspect ratio of the micrometer sized MWCNT filler (10 to 30 m long). 
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Figure 5-4.  Tensile mode DMA of MMT/BECy, MWCNT/BECy, and BaTiO3/BECy PMCs showing 
storage modulus from room temperature through 330 °C and onset glass transition temperature, Tg, 
derived using tangent intercept method. 
Figure 5-5 shows the storage modulus (E′) curves of multifunctional PMCs 
prepared using all three constituents simultaneously:  rheologically modified BECy, 2.6 
wt. % MWCNT, and varying levels BaTiO3 loading.   As the content of BaTiO3 
increased, E′ increased and Tg decreased.  The increase in E′ was attributed to intensified 
interaction between the matrix and the large surface area of the nanometer-scale fillers.  
The mechanism underlying the change in Tg, with increasing BaTiO3 content may have 
been network disruption.  An unintended consequence of increasing the loading of 
ceramic fillers was agglomeration of nanoparticles.  When the agglomerated particles 
reached sizes on the micron scale, they caused a pronounced disruption in polymer 
network formation which was manifested by a reduction in Tg. 
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Figure 5-5.  DMA measurements of E′ and Tg for PMCs with 0, 20, 30 and 40 wt% BaTiO3-GPS, 2.6 
wt% MWCNT, 1 wt% nanoclay BECy. 
Table 5-1 illustrates the increase in E′ of the multifunctional composites.  The 
PMCs with the highest loading of BaTiO3 provided the largest surface area, assuming 
agglomeration was limited, and therefore provided the highest degree of stiffness.  All 
PMCs prepared for the investigation exhibited Tg’s in excess of 200 °C, making them 
suitable for high temperature applications [63]. 
Table 5-1.  Storage modulus of multifunctional composites at various BaTiO3 loadings. 
BaTiO3 sample RT E′ (MPa) Onset Tg (°C) 
BTO0  2457 277 
BTO20 3244 266 
BTO30 4835 225 
BTO40 7055 208 
Conclusions 
The present work demonstrated how use of low temperature, low viscosity matrix 
resin facilitated processing and might offer novel fabrication methods for structural 
capacitors.  Our investigation examined the characteristics of composites containing 
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MWCNTs and BaTiO3 fillers in a rheologically modified BECy matrix, when the loading 
levels of nanotubes were fixed, and that of BaTiO3 was varied.  We began by establishing 
the processing methods capable of producing the PMCs consisting of the fillers and 
matrix.  We then employed dielectric spectroscopy to measure the effective permittivity 
and dissipation factor values of the composites.    Finally, dynamic mechanical analysis 
was used to determine the E’of the PMCs as well as the onset glass transition 
temperature. 
Changes in characteristic ′, tan , E′, and Tg of rheologically modified BECy 
composites filled with MWCNTs and surface functionalized BaTiO3 nanopowder were 
examined.  For multifunctional PMC loaded with 40 wt. % BaTiO3, an increase in 
permittivity of seven to eight times that of neat BECy was observed. This is indicative of 
increased average polarizability caused by the presence of ferroelectric BaTiO3 
nanopowder and conductive MWCNTs.  The presence of BaTiO3, homogenized with the 
MWCNTs was likely responsible for the moderate increases in tan because BaTiO3 
likely prevented the percolation effects exhibited by the MWCNTs, which are known to 
be responsible for high tan  values [53].  The data also indicated that incorporation of 1 
wt. % MMT, 2.6 wt. % MWNCTs, and the various loadings of BaTiO3 nanopowder 
resulted in increased E′ values of multifunctional PMCs.  At BaTiO3 loadings up to 40 wt. 
%, Tg remained above the 200 °C minimum benchmark accepted for aerospace 
applications.  Outcomes indicate a desirable rise in mechanical and dielectric properties 
of our system when incorporating MWCNT and BaTiO3 in a BECy matrix.  Loadings up 
to 2.6 wt. % MWCNT and 40 wt. % BaTiO3 exhibit marked increases of PMC E’and 
permittivity with modest changes in onset glass transition temperature and tan δ values. 
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Our results suggest that MWCNT/BaTiO3/BECy composites are good candidates for 
producing high electrical energy storage, load bearing structural capacitors. 
The systems developed in this investigation provide viable high temperature, high 
strength structural capacitor PMCs suitable for emerging high energy density, low mass 
and low volume applications.  The changes in dielectric and thermo-mechanical 
properties reported for this novel, high service temperature resin/filler composite are 
promising.  Some of the results may have broader applications beyond cyanate ester 
composites, however, the unique steric chemistry of BECy, responsible for its low room 
temperature viscosity, is not readily found in other common thermosets.  Therefore, 
BECy should be considered for further exploration, in particular, investigations of the 
unique characteristics it contributes to the processing of structural capacitors.  Another 
direction worth pursuing is the interface mechanisms between BECy resin and fillers to 
elucidate the processing and production of more robust composites in the field of 
polymer matrix composites. 
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Abstract 
Polymer matrix composite (PMC) devices that simultaneously provide structural 
load-bearing ability and energy storage capacity are good candidates for structural 
capacitors that must meet the lightweight, multifunctional demands of emerging 
aerospace and military applications.  In this work, two materials were investigated with 
potentially excellent structural and dielectric attributes for developing structural 
capacitors.  Bisphenol E cyanate ester (BECy) offers thermo-mechanical properties that 
make it attractive for lightweight, high strength and high temperature applications.  
Calcium copper titanate (CCTO) is an oxide compound known to exhibit a giant room 
temperature dielectric constant (′) in excess of 104.  This investigation probed the 
dielectric and mechanical properties of a BECy PMC in which CCTO nanometer scale 
filler particles were homogenized at various volume fractions.  Dielectric constant, 
dissipative loss (tan  and dielectric strength of 10 vol% composite samples, indicated a 
doubling of the ′ of the PMC compared with the neat fully cured BECy, accompanied by 
increased tan  value to < 3% and dielectric strength ca.10 kV/mm.  The high Young’s 
modulus coupled with the large surface area of nano-CCTO ceramic improved the 
storage modulus of the PMC from 2.45 GPa to 3.91 GPa.  The PMC’s onset glass 
transition temperature (Tg) was observed to remain above 250 °C, corresponding to a 
reduction of less than 10% that of the Tg of neat fully cured BECy. These PMC 
characterization results indicated a strong potential for structural capacitors to be 
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developed employing these constituents, thus improving overall multifunctional capacitor 
performance. 
Introduction 
When large battery and capacitor banks are loaded onto mobile platforms the 
mass and volume of these types of energy storage elements can prove to be prohibitively 
high.  There are two common approaches to reducing overall mass and volume on these 
vehicles.  The first is to increase the energy density of the energy storage devices by 
increasing the dielectric constant and/or the breakdown strength, without increasing mass 
or volume [117].  The second is to modify the energy storage device in such manner so as 
to increase its functionality [118]. 
The energy density of a capacitive device refers to the amount of electrical energy 
per unit volume that can be stored in the dielectric phase of a capacitor.  Energy density 
(U) is a product of the effective dielectric constant and breakdown strength of the device 
when it is subjected to an external electric field, Eq. (6-1).   
U(J/cm
3
) = ½ ′E
2 
 
  
(6- 1) 
where  is the permittivity of free space (8.85 x 10
-12
 F/m), ′ is the dielectric constant of 
the dielectric material and E is the magnitude of the induced electric field due to an 
applied voltage.  Increasing the breakdown strength of the device indicates the higher 
electric potential, to which the device can be subjected.  Breakdown strength is defined as 
the maximum voltage which can be applied across a capacitive device before electron 
flow occurs, creating a current which results in catastrophic failure.  Failure mechanisms 
can be affected by particle size [119], charge distribution [120], agglomeration [121], the 
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interfacial properties of the filler and matrix [73] as well as the grain boundary and inter-
granular behavior of the fillers [60]. 
Increasing the functionality of a device to allow it to serve more than one purpose 
has gained interest because of the weight and volume limitations technology faces with 
the miniaturization of devices.  Recently the concept of developing capacitors that have a 
secondary function of load-bearing components has gained attention, i.e. structural 
capacitor [2].  Materials are selected for their ability to enhance both the dielectric 
characteristics, as discussed above, and the mechanical properties which enable their use 
as a structural component.  Traditional materials like continuous or chopped glass fiber 
and a variety of different carbon fibers have addressed the load-bearing need very well 
over the last five decades [41-45].  However, as dielectric modifiers, these filler present 
shortcomings that prohibit their use in structural capacitors.  In the case of glass, the 
increases observed in dielectric constant and breakdown strength are modest at best, even 
though the mechanical improvements can be significant [44, 45].  Carbon fiber and 
carbon nanotubes exhibit better potential, but require significant effort to mitigate the 
percolation phenomena that result in dielectric breakdown [54].  Conversely, ferroelectric 
nanomaterials like barium titanate and other members of the perovskite family offer high 
dielectric constant and large surface area that increase the effective dielectric constant 
and thermo-mechanical properties, respectively, of polymer matrix composite (PMC) 
structural capacitors [122]. 
Calcium copper titanate (CCTO) has been cited to have a dielectric constant value 
on orders as high as 10
6
 in single crystals [47].  However, studies conducted to date have 
focused on micron size inclusions used to modify the dielectric behavior of polymer 
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matrix composites [101].  One possible reason for this is the difficulty in attaining large 
quantities of nanometer scale CCTO.  Typical CCTO synthesis is performed by 
mechanical milling [56, 123] whose yields are typically limited to powder dimensions on 
the micron scale.  In order to achieve a higher extent of surface interaction, at the filler 
matrix interface, the filler particle must exhibit as small a radius and as large a surface 
area as possible.  Therefore, nanopowders whose radii are on the order of tens to a few 
hundred nanometers provide the best physical properties to optimize mechanical 
interactions.  Favorable characteristic typical of ceramic powders is the presence of 
hydroxyl (-OH) and carboxyl (-COOH) groups decorating the surface of the particles.  
These groups provide chemical anchors through which the ceramic particles can 
chemically react with the matrix to form covalent bonds [28, 124, 125]. 
The selection of resin is highly contingent on the physical and chemical 
characteristics of the monomer form and the end use environment.  Bisphenol E cyanate 
ester (BECy) was chosen for its low room temperature viscosity, the steric effects 
generated through its phenyl rings, and the high value of the onset glass transition 
temperature (Tg) the fully polymerized thermoset demonstrates, ca. 270 °C [4].  The 
homogenized system containing BECy and CCTO offers the potential of a highly cross-
linked thermoset suitable for high temperature applications with the added characteristics 
of high dielectric constant and, because of the nanometer scale nature of the particles, 
high dielectric strength. 
In the following section we discuss the synthesis of the nanometer scale CCTO 
powder, the processing of the dielectric and thermo-mechanical samples, and the analysis 
techniques used to determine the changes in dielectric constant, breakdown strength, 
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storage modulus and glass transition temperature.  The subsequent section presents the 
results of the test data and their interpretation with respect to current knowledge and 
potential applications.  To conclude, a discussion is provided over the implications of the 
results and potential direction for additional investigations. 
Experimental Procedure 
CCTO Synthesis 
CCTO synthesis was scaled up from the procedure developed by Liu et al. [35] so 
as to produce batches yielding 10 g of nanopowder  per batch, as follows: 
Two solutions were prepared in parallel.  Solution (A) consisted of 15.06 g of 
granular citric acid monohydrate, purchased from Fisher Scientific (Fair Lawn, NJ), 
dissolved in 100 mL of deionized water in a 150 mL beaker.  Solution (B) was prepared 
in the hood and consisted of 7.14 g acetylacetone, purchased from Sigma Aldrich (St. 
Louis, MO), added to a 450 mL beaker, to which was added 20.28 g of titanium (IV) 
isopropoxide, purchased from Sigma Aldrich (St. Louis, MO) and mixed for 5 min using 
a magnetic stir bar.  The solution was observed to turn orange.  After 5 min of stirring 
solution (A) was added to (B) and additional stirring continued for 30 min (AB). 
As the mixing of (AB) took place, two additional solutions were prepared from 
granular calcium nitrate tetrahydrate (Ca(N2O3)2·4H2O), purchased from Sigma-Aldrich 
(St. Louis, MO), and cupric nitrate hemipentahydrate (Cu(N2O3)2·2.5H2O), purchased 
from Fisher Scientific (Fair Lawn, NJ).  The first solution, (C1), contained 4.22 g 
Ca(N2O3)2·4H2O dissolved in 100 mL deionized water in 150 mL beaker while stirred 
using a magnetic stir bar at moderate speed.  The second solution, (C2), contained 12.44 g 
Cu(N2O3)2·2.5H2O dissolved in 100 mL deionized water, mixed at a moderate speed.  
76 
 
 
 
The (C2) solution was observed to turn emerald green.  After 30 min both (C1) and (C2) 
solutions were added to (AB).  Thirty-six drops of 14.8 N ammonium hydroxide, 
purchased from Fisher Scientific (Fair Lawn, NJ), were added to (ABC) solution using a 
syringe equipped with an 18G needle while mixing.  While stirring, the excess deionized 
water was removed by increasing the hot-stir plate temperature up to 315 °C, evaporating 
at a rate of approximately 100 mL/h, resulting in a blue gel. 
Prior to fully evaporating all water from blue gel, the magnetic stir bar was 
removed and rinsed with deionized water, then the beaker was placed into a preheated 
450 °C furnace for 2 h, to remove volatiles and produce the CCTO precursor.  Once all 
volatiles are removed, the resulting dark powder from the beaker was transferred into a 
large mortar and ground to a fine powder using a pestle.  The fine precursor powder was 
then transferred into a rectangular alumina crucible (20x50x100 mm
3
) with matching 
alumina lid and placed into a furnace, which was quickly ramped to 800 °C, and calcined 
for 4 h. 
X-ray diffraction (XRD) employing a Scintag Model XDS-2000 (Scintag, Inc. 
Cupertino, CA) was used to confirm the production of single phase CCTO powder, 
Figure 6-1. 
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Figure 6-1.  XRD spectrum of CCTO precursor (blue) and single phase calcined CCTO at 800 °C. 
Scanning electron microscopy (SEM) using the FEI Quanta 600 FE-SEM (FEI 
Co., Hillsboro, OR) was used to image the CCTO particle size, Figure 6-2. 
 
 
Figure 6-2.  Single phase CCTO SEM image 
Jet milling CCTO 
In order to assure that nanometer scale CCTO particles had been successfully 
attained, the sintered powder was jet milled using compressed gas (Glen Mills, Inc., 
Clifton, NJ).  First, a total mass of 41.74 g of CCTO form four different batches was 
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ultrasonically mixed using a LabRam mixer (Resodyn Corp., Butte, MT) for 10 min at 40 
% intensity and a period of 47 s.  This mass was then jet milled with compressed nitrogen 
as the carrier gas, at a rate of 2 kg/h.  All 41.74 g of powder were jet milled with a final 
mass of 35.72 g, giving us a yield of 85.58%.  Brunauer–Emmett–Teller (BET) results 
indicate a thirty-fold increase in the surface are of the jet-milled CCTO powder. 
Binary Composite 
Composites consisting of jet milled CCTO powder and BECy, purchased from 
TenCate Advanced Composites USA, Inc. (Morgan Hill, CA) were prepared at four 
volume fractions by adding 0, 10, 15 and 20 vol% CCTO to BECy.  The powder was 
added to 20 mL scintillation vials, followed by the requisite resin to reach the desired 
vol% loading of CCTO.  The vials were mixed at low centrifugal speeds and high 
rotation, using a Mazerustar planetary mixer, model KK-50S (Kurabo Industries, Ltd., 
Osaka, Japan), to optimize dispersion and minimize filler sedimentation.  The slurry was 
prepared by rotating and de-aerating simultaneously for a period of 20 min. 
The slurries containing 0, 10, 15 and 20 vol% CCTO were poured into cylindrical 
cavities of a silicone rubber mold.  The mold was placed into a room temperature vacuum 
oven chamber and evacuated to –1 atm for 30 min to remove any air trapped during 
mixing.  The mold was equipped with silicone rubber stoppers, which help introduce 
pressure to the low viscosity composite during cure and thus expelling any additional 
trapped gas.  These also served to fully encapsulate the slurry during the cure that took 
place in a rotational oven at 150 °C, over a period of 2 h.  The rotational oven functioned 
to mitigate the sedimentation that is typical of mixtures where filler density is greater 
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than the resin density; in our case 4:1.  Post cure was carried out in a convection oven at 
250 °C for an additional 2 h. 
Wafers were cut from the bulk sample using a Buehler low speed saw (Buehler, 
an ITW company, Lake Bluff, IL) equipped with a ~500 m thick diamond saw blade, set 
to 65% of maximum speed.  Resulting wafers had dimensions approximately 1mm thick 
and 27 mm in diameter.  These were subsequently sputter coated with silver to a 
thickness of 2nm on each face with an HHV Scancoat Six sputter coater (Crawley, 
United Kingdom). 
Dielectric constant measurements were carried out using a Novocontrol dielectric 
spectrometer (Hamburg, Germany) in the range from 1 Hz to 1 MHz at room 
temperature.  Dielectric breakdown voltage measurements were conducted at room 
temperature using a CEAST dielectric rigidity instrument (Torino, Italy) at a ramp rate of 
0.5 kV/sec.  Voltage breakdown measurements were used to calculate the dielectric 
strength of the samples by normalizing the applied voltage to the thickness. 
Storage modulus and onset glass transition temperature values of the samples 
were measured using dynamic mechanical analysis (DMA) with a TA Q800 instrument 
(New Castle, DE).  Measurements were carried out between 30 °C and 330 °C with a 
ramp rate of 3 °C/min at 1 Hz. 
Results and Discussion 
Preparation of CCTO Nanopowder 
Ten batches of single phase CCTO were prepared as described in the methods 
section, to have enough powder material on hand to produce the necessary PMC samples.   
All ten samples provided reproducible x-ray diffraction (XRD) spectra indicating single 
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phase CCTO, Figure 6-1.  After each batch was determined to be single phase all the 
batches were homogenized into a single batch.  The aggregate samples provided a total 
yield of approximately 100 g of nanometer scale CCTO powder.  The powder was 
reduced down to its final dimension, approximately 150 – 200 nm, by means of jet-
milling.  Using compressed gas to create collisions, via cyclonic action; larger 
agglomerated particles that formed during calcination were burst into smaller fragments.  
Jet-milling yielded about 85% of the initial material.  Particle size reduction was verified 
using SEM imaging, Figure 6-2, and BET.  The resulting CCTO nanopowder was used in 
the preparation of the PMC bulk material used to create the dielectric and thermo-
mechanical samples. 
Dielectric constant and Breakdown of CCTO Composites 
The dielectric constant of the CCTO composites measured at 1 Hz revealed a 
positive deviation from the Bruggeman model, Figure 6-3.  Predictively, as the volume 
content of the CCTO nanopowder was increased in the PMC so did the effective 
dielectric constant of the composites.  Albeit as the volume of the filler increased from 15 
to 20 vol% we observed a slower rate of the ′ increase.  This behavior has been detected 
before in models [36] where maximum change in dielectric constant plateaus above a 
particular filler loading. 
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Figure 6-3.  Effective dielectric constant of PMC at 1Hz for various CCTO loadings. 
Figure 6-4 demonstrates the dielectric behavior of the PMCs over the investigated 
range of frequencies at room temperature.  As mentioned previously, the effective 
dielectric constant of the various composites increases in value as the filler loading 
increases.   
 
Figure 6-4.  Dielectric constant of PMCs at various CCTO loadings. 
However, it is important to note that as a sweep through the frequency range is 
performed, that a diminishing trend is observed for the dielectric constant, associated 
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with lagging effects typical of rapidly switching electric fields in excess of the relaxation 
frequency of the polymer. 
Dielectric strength (DS) of the PMC samples at 0, 10, 15 and 20 vol% are 
presented in Figure 6-5.  The values were calculated from the mean breakdown voltage of 
n ≥ 12 spot measurements on each wafer, normalized by the thickness of the sample.  The 
breakdown is the response to the creation of electrical current as the increasing applied 
voltage induces an electric field across the two electrodes of our sample and the field 
reaches its maximum value.  Neat BECy exhibits a modest DS ca. 19 which undergoes a 
significant drop as CCTO content begins to increase, exhibiting a peak value of 5.28 
kV/mm at 15 vol%.  Above 15 vol% percolative effects typically associated with 
conductive materials are suspected as the cause for the precipitated voltage breakdown.  
As the content of filler increases the matrix content between filler particles decreases 
reducing the volume that electrons must jump in order to motivate a current.  This 
increase in proximity between CCTO particles can dramatically increase the potential for 
current formation and consequently reduce the value of the applied voltage to which the 
sample could be subjected, prior to shorting out. 
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Figure 6-5.  Dielectric Strength of various CCTO composites. 
The energy density values (U) of the PMC samples for the various loadings of 
CCTO were derived using Eq. (6-1). The squared value of the DS term (E) is critical to 
increasing the overall energy density of the PMC, considered by some to be more 
important than increases in ′ values.  Table 6-1 demonstrates the U values calculated for 
the CCTO PMCs when using the normalized values of DS and the effective dielectric 
constant as measured at 1 Hz.  Close observation indicates that when the PMC was 
prepared with 15 vol% CCTO the overall U increased nearly one order of magnitude 
from 4.76 x 10
-3
 J/cm
3
 to 3.96 x 10
-2
 J/cm
3
.  One can see in the effective dielectric 
constant column of Table 6-1 that this increase in energy density can be attributed almost 
exclusively to the jump in ′ value, providing a counter example that to the concept that 
DS contributes more than ′. 
 
 
84 
 
 
 
Table 6-1-Energy density values of prepared PMCs at various CCTO loadings. 
vol% CCTO o (F/m) ′ DS (V/m) U (J/cm
3
) 
0 8.85E-12 2.98 1.90E+07 4.76E-03 
10 8.85E-12 34.45 3.23E+06 1.59E-03 
15 8.85E-12 321.41 5.28E+06 3.96E-02 
20 8.85E-12 467.93 3.08E+06 1.96E-02 
Thermo-mechanical Properties of CCTO Composites 
The storage modulus of each PMC was collected using a dynamic mechanical 
analysis instrument over a range of 300 °C starting from 30 °C at a frequency of 1Hz.  
The values in Figure 6-6 demonstrate a steady increase in storage modulus (E’) of the 
PMCs as the volume content of CCTO powder increases.   
 
Figure 6-6.  Storage modulus, E’, and onset glass transition temperatures, Tg, of various CCTO 
PMCs from DMA spectra. 
Modulus values triple from 2.5 GPa to 7.7 GPa when BECy is loaded to 20 vol% 
CCTO nanopowder and doubles at 15 vol%.  The onset glass transition temperature 
observed for even the most highly loaded PMC does not fall below 250 °C, more than 
adequately meeting the service temperature requirements of aerospace applications. 
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Table 6-2.  Storage modulus and onset glass transition temperature of CCTO composites loaded to 
10, 15 and 20 vol%. 
vol% CCTO E’ (GPa) Tg (°C) 
0 2.5 277 
10 4.4 267 
15 5.6 265 
20 7.7 259 
Multifuncitonality 
A key objective of this investigation was to determine how mass efficiency could 
be achieved while increasing both energy density and load bearing capacity.  Figure 6-7 
compares the dielectric and mechanical properties of our composites.  We observed that 
neat BECy with a modest storage modulus and equally modest energy density can be 
much improved by the addition of CCTO in volumes on the order of 15 and 20 vol%.  
The sum of these improved properties prompted us to suggest that at the above stated 
loadings we can produce a structural capacitor with improved properties over the 
typically employed neat dielectric polymer. 
 
Figure 6-7.  Increased multifunctionality of CCTO/BECy PMC 
 
 
86 
 
 
 
Conclusion 
The purpose of the study was to investigate the synthesis of nanometer scale 
CCTO and the benefits that this material can provide in developing high energy density 
structural capacitors.  Single phase CCTO nanopowder was successfully produced in our 
lab enabling us to pursue the investigation.  We demonstrated the ability to produce 
CCTO filled PMCs whose dielectric and thermo-mechanical properties can be tailored to 
at least 20 vol% loading without exhibiting prohibitive dielectric or thermo-mechanical 
characteristics.  Recognizing that the investigation was not exhaustive, we wish to point 
out that this first step is indicative that structural capacitors employing this high 
temperature polymer matrix filled with moderate loadings of the high dielectric constant 
CCTO nanopowder can be used to produce multifunctional structural capacitors.  
Furthermore, said structural capacitors were shown to exhibit higher energy densities and 
storage moduli than their neat counterparts without suffering from low temperature 
softening, associated with the onset glass transition temperature.   
Ongoing research should focus on the interfacial properties of the filler and matrix 
as well as the inter-granular ferroelectric behavior of the CCTO.  Greater knowledge of 
the above mentioned mechanisms will provide a broader understanding of the material 
properties and applications of this family of fillers and further the appreciation for how 
they can be used to develop new high energy density and high specific stiffness 
technologies.  An understanding of how to increase dielectric and mechanical efficiency 
of mobile platform energy storage devices offers the potential to meet the needs of 
industries demanding low weight and high energy density power sources.  We hope that 
future studies into BECy PMC systems, along with the further miniaturization and 
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functionalization of similar ceramic fillers, can lead to greater improvements of structural 
capacitor devices. 
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CHAPTER 7.   CONCLUSIONS AND FUTURE WORK 
Bisphnol E cyanate ester is a remarkable material whose properties are just 
beginning to be characterized.  This chapter presents some concluding remarks over the 
four experiments reported on which characterized the dielectric and thermo-mechanical 
properties of BECy under varying conditions.  Implications of the results to the 
development of multifunctional structural capacitors are also discussed as well as ideas of 
the directions that may be pursued to further the understanding of this novel polymer 
material.  
Experimental Conclusions 
All four experiments studied the modification of BECy’s dielectric constant by 
homogenizing nanometer scale powder into the monomer prior to cure.  It was clear from 
the dielectric data that the ferroelectric powders contributed most effectively to 
increasing the dielectric constant of the PMCs, without adversely impacting the 
dissipation factor.  Conversely, even though the conductive MWCNTs greatly increased 
the dielectric constant, the dominant percolation effects negated any gains by increasing 
the dissipation factor value far above the commercially acceptable limits for capacitors, 
tan  < 0.05 [22]. 
The effects of the fillers on the thermal stability, i.e. onset glass transition 
temperature, were most evident when these disrupted the cross-linking network.  Unfilled 
BECy exhibited Tg > 270 °C, but this value gradually dropped with the addition of fillers.  
The high aspect ratio of the MWCNTs is strongly suspected of being responsible for 
network disruption and consequently the significant drop in Tg.  This however is counter 
to expectations since the extensively functionalized MWCNTs should have impeded 
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polymer chain motion as the PMC temperature was elevated.  Continuous E-glass fillers 
disrupted network polymerization least, and our hypothesis is that the extensive wetting 
of the E-glass interface and the resulting covalent bonding did not permit the matrix to 
flow as the Tg of BECy was approached.  The nanometer scale ferroelectric powders had 
intermediate effect on the composites’ Tg, with CCTO indicating a change of less than 
10% drop in the PMC’s Tg compared to the unfilled BECy.  Not surprisingly, lower vol% 
loadings of the nanometer scale fillers had less pronounced effects on Tg values than 
higher loadings, when agglomerations become more likely and their size scale leads to 
greater network disruption. 
PMC storage modulus showed improvements throughout the experiments utilizing 
nanofillers.  Each of the PMCs prepared with some combination of BaTiO3, MWCNTs or 
CCTO exhibited increased storage modulus, irrespective of any identified agglomerations 
within the matrix.  The large ratio of surface area to particle radius of the nanoparticles is 
believed to make significant contributions to the extent of filler-matrix interaction.  
Additionally, we strongly believe that the surface modifying moieties of the fillers (-OH 
and –COOH) contributed to the formation of covalent bonds between the fillers and 
matrix [28], which lead to increased bonding and stiffness of the PMCs.  Similarly, the 
epoxy silane (-glycidoxypropyltrimethoxy silane) surface functionalized BaTiO3 
demonstrated increased interfacial bonding between the fillers and matrix indicated by 
increased storage modulus.  Only the PMCs prepared with continuous E-glass and 
BaTiO3, reported in chapter 4, indicated a loss of storage modulus. 
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Modifying dielectric properties of BECy 
The attempt to prepare slurry with tailored dielectric constant had dual objectives:  1) 
to eliminate the filler-matrix interface dielectric constant mismatch and 2) to raise the 
overall dielectric constant of the PMC.  These efforts were thwarted by the experimental 
limitation of agglomerated nanoparticles.  Despite the use of ultrasonic and multi-axial 
rotational mixing, micron scale agglomerated clusters of both BaTiO3 and E-glass 
microspheres were observed under magnification.  In chapter 3, we discussed our 
suspicion that the agglomerated constituents led to formation of electric field 
concentration cites at the matrix-filler interface.  The field concentrations at the 
composite’s interface were suspected to be the principle factor responsible for the 
premature catastrophic failure of the PMCs, as explained by Cule and Torquato [48]. 
The experiment results did demonstrate that ~ 10 vol% BaTiO3 powder, agglomerated 
or otherwise, successfully raised the ′ of the binary composite to match that of the E-
glass microspheres. However, results were inconclusive as to whether the dielectric 
constant matching was responsible for the increased dielectric strength of the PMC values 
reported in Figure 3-7, since SEM imaging indicated that BaTiO3 was present throughout 
the matrix at both micrometer and nanometer size scales. 
A 10 vol% loading of CCTO resulted in a composite ′ ca. 35, but imaging was not 
carried out to ascertain filler dispersion or size distribution of any agglomerations that 
may have occurred.  The results presented in Figure 6-5 demonstrate that the dielectric 
strength of the CCTO PMCs were only a fraction of the unfilled BECy value.  However, 
because the rise in dielectric constant was so much more pronounced than with BaTiO3, 
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the energy density of the CCTO composite effectively indicated an increase in energy 
storage at comparably vol% loaded PMC. 
Preparation of electrical energy storage capacitors required that both the dielectric 
constant as well as the dielectric strength of the PMC be optimized.  The agglomerated 
nanometer scale particles produced resulted in unanticipated percolation effects, which 
compelled us to adapt our expectations based on literature claims that nanoparticles 
raised the dielectric strength of PMCs.  The observed phenomenon throughout the 
experiments was a drop in dielectric strength when nanometer scale fillers were 
incorporated into the polymer matrix.  As such, there were no conclusive outcomes that 
could be asserted as a result of the nanoparticle fillers except that at loadings ~ 15 vol% 
CCTO there is a strong possibility that dielectric strength can be increased if thorough 
homogenization of the nanopowder can be achieved.  That is because at 15 vol% loading, 
agglomerations are still limited (compared to higher loadings) and a jump in composite ′ 
was observed to ca. 320. 
High temperature PMCs 
The onset glass transition temperature of BECy (Tg~270 °C) is nestled between that 
of epoxy (Tg~150 °C) and bismaleimide (Tg~300 °C) polymers, making BECy very 
attractive for high temperature applications.  The experimental results reported in this 
body of work showed that disruption of the BECy network resulted in lower glass 
transition temperatures in the case of each composite compared to the unfilled BECy 
polymer.  (The increase observed for MMT is not considered as MMT was used only as a 
rheological modifier in this series of investigations.)  The change of Tg could be 
explained by two possible mechanisms based on filler-matrix interaction. Case one 
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considers good chemical bonding between filler and matrix, where the filler effectively 
behaves as a mechanical pinning mechanism that impedes the motion of the polymer 
chains, resulting in little change of the PMC’s Tg as the PMC undergoes thermal ramping; 
as seen with the continuous GF.  The second mechanism assumes poor bonding between 
filler and matrix where the matrix is simply disrupted and a lower degree of cross-linking 
is achieved.  As a result, polymer chain motion begins at lower temperatures than if the 
network were more fully developed and uninterrupted.  Comparison between filler 
loadings and Tg was not possible because the volume loadings at which the Tg were 
collected are not consistent throughout the experiments.  Table 7-1 indicates the Tg 
measured for composites containing the various fillers at the vol% loadings of interest.  
At comparable vol% loadings the two ferroelectric fillers exhibit only a small disparity in 
Tg with the CCTO composite exhibiting less reduction than BaTiO3 when each is 
compared to the neat BECy Tg.  At a significantly low loading of MWCNTs, the 
composite shows a very large drop in Tg, which at this time cannot be fully accounted for.  
The speculation is that the large aspect ratio and potential agglomerations of the 
MWCNTs were factors in disrupting the formation of the polymer network, but further 
work is necessary to ascertain what is causing this phenomenon.  The moderate reduction 
of Tg observed when BECy was used to prepare the continuous E-glass prepregs is 
consistent with previously reported results using epoxy as the matrix material [39]. 
Table 7-1.  Tg and volume loading for each composite of the various experiments. 
constituent vol% Tg (°C) 
BECy 100 277 
CCTO 15 265 
E-glass fiber 62 255 
BaTiO3 12.1 248 
MWCNT 1.5 192 
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Increasing storage modulus of BECy 
 With the exception of PMCs prepared with both continuous E-glass and BaTiO3 
nanopowder, discussed in chapter 4, all the composites containing some volume loading 
of nanoparticles exhibited an increase in storage modulus.  While the chemical bonding at 
the filler-matrix interface was not directly analyzed in this work, literature  supports our 
hypothesis that improvements to E’ were a result of functionalized particle surface areas 
that resulted in good interfacial bonding and matrix rigidity [28].  The results reported in 
Table 7-2 show increased storage modulus for each of the PMCs over the neat BECy.  
Table 7-2. E' and filler volume loading of each BECy composite for the various experiments. 
PMC filler vol% E’(GPa) 
BECy (none) 100 2.5 
CCTO 15 5.6 
E-glass fiber 62 27.8 
BaTiO3 12.1 4.0 
MWCNT 1.5 4.3 
A factor in excess of twice the storage modulus of neat BECy was observed when 
CCTO nanometer scale powder was used to prepare PMCs.  Poor dispersion and particle 
size inhomogeneity could have been a factor as to why BaTiO3 and MWCNTs did not 
express E’ values as high as that expressed by CCTO. The tenfold increase in E’ of the 
continuous E-glass filled composite could suggest extensive covalent bonding between 
the GF walls and the matrix.  Alternatively, if debonding took place, then it is possible 
that the storage modulus data was exclusively for the GF [126].  However, there is reason 
to believe that this was not the case as evidenced by the thorough wetting of the GF 
weave demonstrated in the image collected using SEM, Figure 7-1. 
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Figure 7-1.  Continuous GF embedded within fully cured BECy. 
Implications and future directions 
 The multifunctional systems developed throughout these experiments do not yet 
exhibit the energy density values desired for the next generation of structural capacitors, 
U > 2 J/cm
3
.  Nevertheless, the evidence gathered throughout the investigations 
demonstrated that the constituents explored have the potential to be used in production of 
such devices.  The experimental outcomes demonstrated increased dielectric constant and 
storage modulus of nanoparticle modified BECy composites; two critical factors in 
developing multifunctional, structural capacitors.  Results also showed that dissipation 
factors associated with the ferroelectric constituents demonstrated values below the 
acceptable industry maximum, tan  < 0.05.  The only variable which was not increased 
was the dielectric strength of the PMCs, which may be an artifact of the processing and 
not intrinsic to the composite. 
 The well documented attributes of continuous E-glass, while not indispensable, 
are much needed until new sources of inexpensive, readily available strengthening 
materials can be introduced.  Conductive materials like MWCNTs are under tremendous 
scrutiny because when used in concentrations below their percolation threshold, they 
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behave as parallel capacitors, increasing the effective dielectric constant of PMCs 
significantly.  Nanometer scale BaTiO3 and CCTO can undoubtedly aid in modification 
of effective dielectric constant and storage modulus of PMCs, once agglomeration 
limitations have been overcome. 
Surface modification of a number of materials throughout the scientific 
community is well underway.  Application of those techniques to fillers of interest will 
provide new directions to processing novel composites with improved mechanical 
properties as well as dielectric characteristics.  Key to the success of future investigations 
is addressing the limited homogenization issues with better instrumentation and surface 
modification techniques to improve dispersion. Achieving higher degrees of 
homogenization can lead to increased filler-matrix bonding (raising E’ and Tg), 
elimination of electric field concentrations (increasing dielectric strength) and discovery 
of as of yet unexplored isotropic properties of the composites. 
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APPENDIX 
Processing Polymer Matrix Composites 
There were a number of processing obstacles that had to be overcome as we 
synthesized the BECy composites.  A collection of approaches were developed to address 
the issues of homogenization, sedimentation, curing cycles, trapped inclusions and 
ultimately reproducibility.  The following section illustrates the processing techniques 
developed to meet these challenges. 
Preparing BECy/nanopowder composites 
Ample information about the rheological and cure behavior of BECy at the onset 
of the investigation was available [4, 77, 93, 96, 127].  However, we quickly discovered 
the problems of agglomeration and sedimentation.  The agglomeration arose as a result of 
the low viscosity monomer resin and the high surface energy of the nanopowders.  To 
overcome this problem, the combination of a high speed homogenizer, sonication bath 
and planetary mixer were employed to improve particle dispersion and suspension within 
the monomer during the preparation of each sample, Figure A-1. 
 
Figure A-1.  High speed homogenizers (left, center) along with sonication bath (center) were used to 
break up agglomerations formed by nanopowders in BECy monomer.  A planetary mixer (right) was 
used to homogenize slurry. 
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Sedimentation is the settling of high density materials through low density resin 
when left undisturbed under normal gravity; i.e. non-centrifugal motion.  The composites 
exhibited significant sedimentation when curing was carried out in a convection oven 
over a period of two hours at 180 °C and an additional two hours at 250 °C,  as specified 
by the cure schedule of BECy prescribed by Sheng [4].  Sedimentation was overcome by 
employing a rotational oven, Figure A-2, which cured the matrix under continuous 360° 
motion over all three axes, thus preventing gravity from drawing the filler to the bottom 
of the matrix.  The cure schedule was modified to cure at a temperature of 150 °C for the 
initial two hours to allow the viscosity of the cross-linking polymer to increase more 
slowly and improve homogenization of the nanopowders.  This curing process resulted in 
samples exhibiting good filler dispersion and minimal gas inclusions.  Gas inclusions 
lead to dielectric constant discontinuity in the PMC that are not easily accounted for 
during dielectric spectrometry and result in false ′ values of the composite.   Gas 
inclusion can also be sources of crack initiation and ultimately mechanical failure. 
 
Figure A-2.  Rotational oven used to prevent settling of nanopowder.  
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Preparation of hybrid composites from glass fiber pre-pregs 
The investigation required that woven GF films be impregnated with the 
BECy/BaTiO3 nanopowder slurry to produce partially cured prepregs for the PMC.  The 
woven GF films were wetted with slurry using the vacuum assisted resin transfer molding 
technique (VARTM).  Figure A-3depicts the order in which resin, release plies, woven 
GF film and vacuum bagging materials are laid up in preparation of the prepregs. 
 
Figure A-3.  A combination of wet-layup and VARTM are used to produce homogeneous pre-pregs 
of the BECy/BaTiO3 slurry with plain weave fiberglass plies. 
The films (10 x 10 cm
2
) were partially cured in a convection oven at 130 °C for 
2h, under vacuum.  The partially cured prepreg plies were subsequently stacked and post-
cured, into a single bulk PMC sample, Figure A-4b, with the aid of a hot press at 250 °C 
for an additional two hours, while under vacuum, at elevated pressures.  The hot press 
served to complete the cure cycle of BECy while eliminating any trapped gas that 
remained within the partially cured matrix. The resulting bulk composite sample was cut 
to size, according to standards of each testing procedure:  ASTM 150-11 (dielectric) and 
TA Instruments guidelines for tension films (thermo-mechanical). 
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Figure A-4.  a) wetting of woven fiber glass to create prepregs, b) stacked prepregs placed into 
vacuum bag and evacuated prior to inserting bag between hot press platens. 
Themo-mechanical and dielectric analytical methods 
Thermal gravimetric analysis (TGA), dynamic mechanical analysis (DMA), 
dielectric spectroscopy and dielectric rigidity are used to measure the thermo-mechanical 
and dielectric characteristics as well as the operating range of the PMC. 
Thermal gravimetric analysis 
TGA was used to determine the constituent fillers’ wt % within the PMC. By 
burning off the low decomposition temperature matrix the content of GF, MWCNT, 
BaTiO3 and CCTO were calculated. TGA also indicated the glass transition range and 
degradation temperatures of the PMC, which were used to determine the in-service 
temperature range of the PMCs. 
Dynamic mechanical analysis 
The DMA tests provided insight to the composites’ stiffness under cyclical tensile 
deformation over a range of temperatures.  Our experiments were carried out with a 
deformation frequency of 1 Hz ramping at 3 °C/min from 30 °C to 330 °C.  Results on 
the PMCs’ stiffness were given in terms of the storage modulus (E’) in MPa.  The onset 
glass transition temperature (Tg) is described as the temperature at which the polymer 
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chain backbone begins to relax and the PMC softens.  Tg was determined using the 
intersection of tangents method as described in ASTM E1640.  These values indicated the 
in-service load-bearing capacity and operating temperature range parameters, 
respectively. 
Dielectric spectroscopy 
A Novocontrol broadband dielectric/impedance spectrometer measured the 
capacitance of the 1 mm thick x 20 mm radius, silver sputter-coated, parallel plate, wafer 
samples.  The software package included with the instrument calculate the ′ of the PMC 
and delivered the results in both tabular and graphic formats.  The capacitance of parallel 
plate capacitor with overlapping area, A, whose electrodes are set a distance d apart, is 
given by Eq. A-1.  
C = o′A/d     (A-1) 
Dielectric strength 
The electrical energy storage ability, or energy density, of the PMC was 
calculated with knowledge of the dielectric constant and the dielectric strength of the 
composite.  A dielectric rigidity instrument, by CEAST, applied a voltage across the 
wafer samples until a maximum voltage was reached, which causes a current to pass 
across the PMC shorting out the circuit.  The dielectric strength was defined earlier by 
Eq. (A-2). 
E = Vmax/d     (A-2)  
where Vmax is the maximum applied voltage and d is the dielectric thickness of the 
sample.  Also, the energy density, U, was computed with Eq. (A-3). 
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U = ½ o′E
2
     (A-3)  
The PMC’s in-service range of the thermo-mechanical and dielectric parameters 
are thus given by measuring:  E’, Tg, ′, E and calculating U. 
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